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A STUDY OF THE LOCOMOTIVE FRONT END, INCLUDING
TESTS OF A FRONT-END MODEL
I. INTRODUCTION
1. Necessity for High Draft.-The space limitations of a locomo-
tive are such that, in order to produce the power required, coal must
be burned at a rate very much higher than in stationary power-
plant practice, and this requires a draft far more intense than can be
obtained by natural means: either forced or induced draft is essential.
The first locomotives constructed were characterized by a feebly burn-
ing fire that provided a steam supply only sufficient to permit speeds
of three or four miles per hour, and by a noisy exhaust. In 1815,
George Stephenson,* under threat of civil action, turned the exhaust
of his locomotive "Blucher" into the chimney as a means of silencing
it, and found that the evils of small steam supply and exhaust noise
were both cured thereby. As late as 1829 locomotives were still being
constructed with bellows or fans for supplying the air necessary for
combustion; in that year the "Rocket" demonstrated so conclusively
the merits of the various features of Stevenson's design (including the
use of the exhaust blast to produce draft) at the famous Rainhill
Trials, that all other methods of producing the rate of combustion re-
quired were discarded, and even at this date no substitute is in sight.f
2. Object of Investigation.-The "Front End" of a locomotive is
all that portion comprised in the extension of the boiler shell ahead
of the tube body, including the shell itself, the internal partitions,
netting and baffle plates, also the exhaust pipe and exhaust tip or
nozzle, and the smokestack with its extension, lift pipes or petticoat
pipes, if used, etc. Figure 1 shows a typical front-end arrangement,
with the nomenclature indicated. A century of experiment has been de-
voted to this portion of the locomotive in the effort to improve its ac-
tion, and the remarkable thing is that so wide a variety of arrange-
ments has been found reasonably satisfactory. The object of the
present investigation is to add to and systematize the empirical infor-
mation available; to this end investigations made by others have been
*There are other claimants for this honor, but it is commonly awarded to Stephenson.
fForced draft is an impossibility in the case of a hand-fired boiler, though within the realm of
possibility where stokers, powdered or liquid fuel are used. (See Proceedings, International Railway
Fuel Association, 1927, p. 247, and 1928, p. 402.) Induced draft involves the moving of great volumes
of hot, corrosive, and abrasive gas; no successful attack has been made on the difficulties of a design
of fan adequate for the requirements of American locomotives.
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FIG. 1. FRONT END OF U.S.R.A. MIKADO-TYPE LOCOMOTIVE
reviewed, and the results of a large number of tests made at the Uni-
versity of Illinois on a specially constructed front-end model are ana-
lyzed. This has been done with the purpose of learning the laws gov-
erning the production of draft and the movement of air and gases
through the front end, or, more properly stated, to study the laws
governing gas movement, and incidentally note the draft obtained
under different conditions.
3. Results.-It is not possible to summarize the results of the in-
vestigation in an introductory chapter; the reader is directed to con-
cluding sections of the succeeding chapters for summaries, and to the
final chapter, largely devoted to recapitulation. In later chapters will
be found descriptions of the model, together with notes on some of
the objections which might be raised as to the validity of information
secured by its use; a summary of the most important historical re-
search on the various phases of the front-end problem, and general
reviews of the information gathered from locomotive tests and those
made on the model.
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4. Acknowledgments.-The conception and general plan of the in-
vestigation, and the original design of the model are due to EDWARD
C. SCHMIDT, Professor of Railway Engineering, to whom is also due
acknowledgment for many suggestions as to procedure and methods,
and help in the organization of the information obtained. The model
was constructed under his direction and that of MR. H. N. PARKIN-
SON.* The investigation was forwarded materially by the work of
MR. D. L. FISKE,f by whom much fundamental work was done, both
in the historical phases, and in the operation of the model and inter-
pretation of the results secured therefrom. Three Graduate Assistants,
MR. K. Y. CHEN,t MR. C. P. PEI,I and MR. N. H. BARNARD,§ rendered
valuable assistance in obtaining the data from the model, and in cor-
relating and plotting these data.
This research has been a part of the work of the Engineering Ex-
periment Station of the University of Illinois, of which DEAN M. S.
KETCHUM is the director, and of the Department of Railway Engi-
neering, of which PROF. EDWARD C. SCHMIDT is the head.
II. FUNDAMENTALS OF ACTION OF EXHAUST JET
5. Working Principle.-The principle upon which the exhaust jet
works is the familiar one found in the steam injector, and in vari-
ous forms of ejectors, such as the air-ejector formerly much used for
ventilation purposes. The kinetic energy of the steam jet is imparted
to the surrounding gases in the front end to produce sufficient velocity
in them to move them out of the stack opening at high speed, and also
in doing so to permit them to overcome the difference in pressure be-
tween the front end and the atmosphere, this difference being the
"draft." From an energy standpoint the process is a very inefficient
one; a portion of the mechanical energy of the steam of the order of
five or six per cent is required to produce the necessary velocity of
flow in the gas, and the much greater thermal energy in the gas and
steam cannot be used at all: the useful work in the front end therefore
represents but a few tenths of one per cent of the energy available.**
6. Theories of Exhaust Jet Action.-Several theories as to the ac-
tion of the exhaust jet have obtained at different times. One long
*Mechanical Engineer's office, Missouri-Kansas-Texas Railway, Parsons, Kansas.
tSecretary, American Society of Refrigerating Engineers.$Works Manager, Hsiku Shops, Tientsin Pukow Railway, Tientsin, China.
¶New York Air Brake Company.
§Professor of Mechanical Engineering, Tennessee Polytechnic Institute.
**The energy in the front end corresponds to about ninety per cent of that in the coal fired, or
even more, the largest portion of this being represented in the latent heat of the exhaust steam. The
only possible use of this heat energy in the front end is to heat the feedwater, or to preheat the air for
combustion, the former salvaging about ten per cent of the energy, and the latter not yet having beenfound practicable.
ILLINOIS ENGINEERING EXPERIMENT STATION
popular may be termed the "piston theory," in which it was believed
that the steam discharged by successive pulsations in some manner
pushed column-like sections of the gas into the stack between suc-
cessive "slugs" of steam, thus removing the gas from the front end.
This theory is completely discredited at present, as it has been shown
(and will be further demonstrated in the model experiments herein
reported) that the draft action for a given front-end arrangement is
dependent on the quantity and velocity of the steam discharged, and
substantially the same results are obtained with pulsating as with
continuous flow. A second prevalent idea is that the gases flow into
the steam jet emerging from the nozzle and mix with it; and a third
theory is that surface friction between the jet and the surrounding
gases causes a mantle of the latter to form around the jet, the gases
thus being moved out of the stack by a process of entrainment. That
both of the latter theories are true will be later shown.
The steam emerging from the mouth of the nozzle expands with
almost explosive violence, and into the vacuum thus formed in the
interior of the jet considerable quantities of air or gas flow, and this
movement of gas in the direction of the jet also promotes the action
by surface friction. The gases flowing toward the jet are set in motion
by the latter as a car or train sets the air around it in motion; as the
jet spreads and the outer "surface" becomes "rougher" this action in-
creases. A certain amount of the steam having come into contact with
the air and lost much of its velocity surrounds the main stream of
steam, soon rendering its boundary indistinguishable, and in this way
the jet comes to "fill the stack." At the choke of the stack the air or
gas surrounding the main stream of mixture is slightly compressed,
giving a final small acceleration to the mixing process, which goes on
to completion at some higher level if the stack is properly designed.
Most of the action described is clearly visible in the model used in
the tests later described, and it is further evident that both the mix-
ing and surface actions continue after the mixture of steam and air
leave the stack, as anything within the range of the action is drawn
along by the stream and driven out through the discharge duct above
the model. The path of the visible particles thus entrained proves that
the action of the emerging mixture is analogous to that of the jet
below the base of the stack.
7. Empirical Knowledge Concerning Front-End Design and Action.
-- Stephenson learned the efficacy of the exhaust blast as a draft pro-
ducer when he turned it into the stack of his locomotive to avoid
frightening cattle. Judging from the sizes of the exhaust pipes of
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early locomotives, the back pressure must have been very high. The
steam blast was introduced into the stack itself for many years, and
continued thus in continental locomotives until after the beginning
of the present century. In British and American practice the nozzle
was lowered, only a little in the former case, but in the latter to about
the center-line of the boiler, and lift-pipes or petticoats were placed
above it to stimulate the draft action. Inside extension stacks ap-
peared when boiler diameters were increased to an extent which pre-
vented adequate stack-height being secured outside of the smokebox.
Practice in various countries differs greatly, European design still
tending toward a nozzle set high in the smokebox and very little in-
side extension of the stack.
There are two items of information with regard to front-end per-
formance which can be considered as common property: the knowledge
that, with the same discharge of steam, a greater draft can be secured
by the use of a smaller nozzle, and also that the increase of stack
height improves the performance of a front end otherwise unaltered.
A third fact becomes apparent to anyone making even a cursory study
of the front-end arrangements actually in use: a wide range of de-
signs, appliances, and arrangements can be more or less satisfactory,
and can be operated without outstanding differences in performance.
There are, of course, a number of other matters which are well under-
stood by those to whom the subject is of direct concern:
(1) It is generally understood that tapered stacks give better re-
sults than straight stacks, this fact having been emphasized in all of
the reports of the Master Mechanics' Association dealing with the
subject. Belief in this fact has apparently been strong enough to cause
several railways, with whom the straight stack was formerly a sort of
trade mark, to change to the tapered stack.*
(2) It is generally known that with most locomotives stack di-
ameters can be increased advantageously, and that there has been in
recent years a tendency to apply stacks of too small diameter. There
is also apparent a considerable belief that the diameter of the stack
really makes little difference.t
(3) The importance of the air-tightness of the front end has been
stressed so often that, in theory at least, this requirement is under-
stood.$
*See for example the 1906 report, later referred to at length.
tThe 1906 report referred to is directly responsible for the idea of the unimportance of diameter,
the statement being made therein that with certain other combinations of dimensions, a difference of
two inches either way from a certain diameter caused a negligible variation in the performance.
JGeneral understanding of this fact, however, has not been sufficient to prevent attempts to
market several devices of the type of the "draft equalizer," "vacuum reducer," etc., where the device
merely opened (automatically or otherwise) a large hole in the front end for the sole purpose of destroy-
ing the vacuum produced at so great a cost of energy.
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It is to be doubted whether data derived from the most carefully
conducted road tests could add much to the information thus avail-
able, and it is certain that no addition has been made by many other-
wise well-conducted laboratory tests, where either incomplete or ob-
viously erratic data have made impossible any conclusions with regard
to draft action and gas flow.
8. Basis for Comparing Front-End Performance.-Historically it
is to be noted that investigators have been mainly concerned with the
draft produced, and those arrangements were considered most advan-
tageous which produced a high draft. For a given locomotive with
the resistance to gas flow through grate, fire bed, tubes and front end
constant, the draft furnishes a fair basis of comparison. It ceases to
be valid as such if fire conditions differ, or if any other variation in
conditions affects the other resistances. The real function of the front
end is not to produce draft, but to draw air through the grates and
fire, and to move the combustion gases through the firebox, tubes, and
front end. Quantity of air or gas moved is a valid basis of compari-
son under all conditions; draft is a valid basis only under limited con-
ditions. Draft is a secondary consideration; and it therefore may be
said, paradoxically, that the efficiency of what are generally called the
draft-producing appliances is measured not by the draft produced, but
by the amount of gas moved. This becomes readily apparent in the
following example: suppose that under certain working conditions a
given draft is produced by a given front-end arrangement, discharg-
ing a certain flow of steam. If now the resistance to gas flow through
the fire (or elsewhere) were greatly increased, the draft would rise to
very high figures, but the fire might go out from lack of air for com-
bustion. Draft is valid as a basis for comparison in the case of a
single locomotive, fired in such a way that the resistance to gas pas-
sage is either constant or varies according to some constant law, which
would practically limit the usefulness to tests in which powdered or
liquid fuel is fired. In other words, useful comparisons on a draft
basis are confined to those cases in which the performance of the draft
appliances may be considered alone.
9. Action of Draft in Firebox, Tubes, and Front End.-A locomo-
tive proceeds along the track under the action of a given amount of
steam, the speed and cut-off being determined by the relation between
steam supply, economy of the cylinders, and the trailing load. Under
these conditions an equilibrium is set up among the following quanti-
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ties: the constant resistance in tubes and front end, the temporary
value of the variable resistance through the grates and fire, the firebox
temperature, the air drawn through the grates, the steam supply, and
the rate of firing coal. The variable fire resistance is a combined re-
sult of fire thickness, fineness of the coal, clinkering and fusing proper-
ties of the coal and ash, the nature of the ash under the fire, etc. For
a given arrangement of draft appliances, the variation of any element
in this equilibrium will result in a temporarily unstable condition, and
then the attainment of a new equilibrium with two or more conditions
different from those of the former state. For a given locomotive, the
flow of steam is the element which will have the greatest effect in de-
termining the equilibrium relation, governing all of the other conditions
except the quality of the coal. If a change in conditions which requires
an increased flow of steam occurs, such as lengthening the cut-off
without reducing the speed, additional heat must be liberated to pro-
vide the additional steam required, otherwise the steam pressure will
fall. The increased steam discharge draws more air through the fire,
the draft is increased, and the firebox temperature falls. To maintain
the increased steam flow required, the firebox temperature must be
raised. The accelerated firing rate will tend to thicken the fire and
increase its resistance. Increased resistance in turn will further in-
crease the draft and decrease the air flow slightly; the air flow at the
higher rate will be greater in the total but less per unit of coal fired.
As an illustration of the relations existing between steam flow, flow
of gas, firing rate and draft, the relations for three pairs of these
quantities have been plotted for two Pennsylvania engines.* These
*These are the L-l-s (2-8-2) and the K-4-s (4-6-2), tests on which are reported in Bulletins 28 and
29 of the Test Department of the railway. Data for air and gas flow are not given in the bulletins,
but are calculated from the analysis of the flue gases for each test. If Os and N2 axe the respective
percentages of oxygen and nitrogen in the flue gas, the ratio of air actually used for combustion to air
theoretically required is
Air Used N2
Air Required Ns - 3.78 O2
The air theoretically required for the combustion of one pound of coal is given by the expression A =
11.6C + 34.8H, where C and H are respectively the percentages of carbon and hydrogen shown by the
ultimate analysis of the coal. A less amount of air per pound of coal is really required on account of
the combustible matter escaping unburned, and the carbon losses must therefore be either known or
estimated. In the present case the carbon loss in the ash is estimated as 4.5 per cent; the loss in cinders
is taken as numerically equal to the quantity
(Draft in firebox X 5) X F/100
where F is the firing rate in pounds of dry coal per hour. Both estimates give results in close accord
with those found in tests of other locomotives with coal similar to that used in the L-l-s and K-4-s
series. If the total carbon loss is L per cent, the air theoretically needed to produce the combustion
which actually occurred is therefore
F(100 - L)
100 X
Multiplying this expression by R gives the total air per hour admitted; the total product of com-
bustion is equal to the total air plus a fraction of the weight of the coal which appears in the gas, which
in the present case has been estimated as 90 per cent. The two locomotives considered had identical
boilers and front ends; the coal used was slightly different but the theoretical air for combustion is
practically the same. The calculations are omitted on account of their bulk, but are extremely simple.
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are shown in Fig. 2, where' draft, weight of combustion gases, and
steam evaporated per hour are plotted against the firing rate. Points
of high gas flow for a given firing rate correspond to points of low
efficiency, that is, to points below the average relation between firing
rate and evaporation, and also to points of low draft; tests showing
low air flow (and usually high draft) give results close to the average
evaporation curve.
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A STUDY OF THE LOCOMOTIVE FRONT END
III. PREVIOUS EXPERIMENTS AND INVESTIGATIONS*
10. Early Experimenters.-No record can be found of any experi-
mental work carried out by Stephenson or his company in the hope
of improving the action of the exhaust jet, but the importance of this
phase of locomotive operation resulted in several early investigations
and almost continuous research on the subject for many years. Among
the earlier investigators of the front end were the Count de Pambour,
Le Chatelier, Polonceau, Gouin, and D. K. Clark. The work of the
latter was extensive and systematic; his conclusions are quoted by
Herr Troske whose work is later summarized. These, in general, are
of no current interest, but some of Clark's constants will be later
quoted.
11. Zeuner's Investigation.-In the early sixties, Dr. Gustav Zeuner
carried out extensive experiments with a front-end model.t His "front
end" was a tank 221/2 inches in diameter and 19 inches high, with ex-
haust nozzles of 10 and 14.14 mm. diameter, and cylindrical stacks of
40, 80, 100, 120, and 150 mm. diameter and of adjustable length. The
tests were run either with the tank air-tight, in which case the vacuum
was very large and extremely sensitive to changes in the stack-and-
nozzle arrangement, or with a certain area of air-inlets open, a con-
dition which gave much lower vacuum but was more nearly analogous
to locomotive conditions. His media were steam throttled from fairly
high pressure, and atmospheric air. The first conclusions published (in
a preliminary note in 1859) were as follows:
(1) The distance from the nozzle to the bottom of the stack af-
fected the induced air flow only slightly, provided the distance was
such that the entire steam jet entered the stack.
(2) The results of preliminary tests made on a smaller apparatus
were so similar to those from the final apparatus that it was evident
that the cubical capacity of the front end did not greatly affect the
results.
(3) When the stack was shorter than three diameters, the steam
jet failed to fill it, and there was a back flow of air into the smoke-
box.
(4) For stacks of over 30 diameters in length the effect of fric-
tion resulted in decreased efficiency; for lengths of from three to 30
diameters, stack length had little effect.
*Appendix H furnishes a summary of all of the notation used in this chapter.
tZeitschrift der Verein deutsche Ingineure, Vol. 8, (1863). Also published in book form in the
same year. (Das Lokomotiven Blasrohr.)
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Zeuner then undertook to solve the following problems:
(1) What is the relation between the steam pressure and the opera-
tion of the jet?
(2) What is the relation between the respective areas of the nozzle,
stack and tubes?
(3) What is the relation between steam jet pressure and draft, and
how do smokebox and nozzle resistance affect the relation?
For the closed tank, he found that the draft varied directly with
the steam pressure, and inversely with the ratio of stack area to
nozzle area. For the open tank, he presented tables and curves show-
ing the relation between steam pressure and draft for two nozzles,
five stacks and five different values of the air opening, with a series
of steam pressures for each case. The principal conclusions were that,
for any given air opening, draft varied almost directly with the steam
pressure, and was also affected by the stack-nozzle area ratio, but to
a less degree. For any value of the ratio of tube area to nozzle area,
there was a best value of the ratio of stack area to nozzle area.
Zeuner recognized the importance of using air flow rather than draft
as a criterion, and established equations by which the former may be
calculated when the draft and air opening are known. He also showed
that, for any ratio of stack area to nozzle area, there is a limit be-
yond which further opening of air inlets adds practically nothing to
the flow.
Zeuner's theory is -summarized by Strahl (whose investigation is
mentioned later) as follows:
"The steam shooting through the smokebox carries the gases along with it by
friction and mixing and proceeds to overcome the excess pressure on its way to the
outside air. The.work concerned appears in the difference between the energy of the
steam at the nozzle tip, and the energy of the steam and gas mixture at the top of
the stack, and thus part of the exhaust energy is put into use. If there were no loss
of energy between the two points the velocity could all be charged to draft. With a
given draft and steam consumption the energy content of the mixture is greater as
the nozzle (and hence the stack) are made smaller. Small nozzles, however, result in
a greater proportion of the energy of the steam in the cylinders being required to
produce the draft, this energy showing in higher exhaust pressures. The steam jet in
striking the wider stack experiences a 'shock loss' which is larger in proportion to the
diameter of the stack. The wider stack has the advantage of the lower steam-jet-
pressure requirement, which is partially offset by the 'shock loss' at the lower end,
hence a stack should be narrower at the bottom than at the top. The narrowing at
the bottom is limited by the condition that all of the steam must go into the stack,
lest some go off into the smokebox, eddying and spoiling the draft. There is also
energy expended in accelerating the smokebox gases, which is larger as the stack
opening is smaller. In any event, the loss in energy is less with the conical type of
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stack, and a larger nozzle is allowed. The conical stack will draw more air for a given
amount of steam: this condition is stated because any stack can be made to draw
more air (at the expense of the engine) by making the nozzle smaller."
12. Work of Nozo and Geoffroy.-Shortly after the publication
of the results of Zeuner's work appeared the report on the investiga-
tion of Nozo and Geoffroy,* originally presented before the Soci6t6
des Ingenieures de France. The apparatus which these investigators
used was similar in general to that of Zeuner, but smokebox gases
were used in place of atmospheric air. The following variations in ar-
rangement and operation were provided:
Area for entrance of smoke, 20 to 320 holes, 9 mm. in diameter.
Diameter of exhaust nozzle, 10 to 56 mm.
Diameter of stack, 35 to 202 mm.
Steam pressure, 50 to 600 mm. of mercury (1 to 12 lb. per sq. in.)
From their model tests the following conclusions were reached:
(1) Other things being equal, the draft or gas flow increased with
the height of the stack until this reached seven or eight diameters, and
thereafter the flow was practically constant. A conical stack entrance
had no noticeable effect on the performance.
(2) If there was a proper relation between the diameter and height
of the stack, the distance from the top of the nozzle to the bottom of
the stack had practically no effect on the performance, even though
this distance was varied through a considerable range. If the distance
was made less than two or three times the nozzle-diameter, the per-
formance fell off rapidly.
(3) The extension of the stack into the smokebox had practically
no effect, unless the extension was made so long as to interfere with
the flow of gas into the tank.
(4) The use of multiple stacks and nozzles showed no advantage
for any condition or arrangement.
(5) For any combination of other conditions there was a best stack
diameter, but in the neighborhood of this best diameter some range
of variation was possible without much effect on the results.
(6) If all conditions but those of stack size and steam pressure
were kept constant, the dimensions of the best stack did not change
with the pressure. For a given stack under these conditions, the weight
of the gas and the draft increased with the pressure (i.e., with the flow
of steam), and the ratio of gas to steam decreased. If the gas passed
*Investigation of the Best Arrangements of Locomotive Smokestacks, by A. Nozo and 0. Geoffroy.
Der Civilingenieur, Vol. 10, (1864), page 271.
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and the steam pressure were kept constant, the best stack diameter
changed slightly with the nozzle diameter, but not proportionally; for
a given stack and pressure, the weight of gas and the draft increased
with an increase in the nozzle diameter, but the ratio of gas to steam
decreased. With equal air flow and steam flow, the former increased
with decreasing nozzle diameter and hence increasing steam velocity,
and the best stack diameter varied slightly with the nozzle.
As a check on some of their model work, the investigators ran a
series of tests on a passenger locomotive, in which stacks of various
diameters were applied, the front end remaining unaltered otherwise.
They found that, of the large number of combinations tried, a ratio
of stack area to nozzle area of 11.5 gave the best results; with ratios
of 8.4 and 13.2 the results were inferior, but the locomotive was able
to make its scheduled run; with ratios larger and smaller operation
was impracticable.
13. Research of Troske and Von Borries.-This series of experi-
ments* represents a monumental attempt to study all phases of the
front-end problem in a more complete and scientific manner than had
been done in any previous investigation. These tests are known as
the Von Borries-Troske Tests, as they were sponsored by Dr. Von
Borries. The report begins with a summary of previous investigations
of the subject, in which the researches of Clark, Zeuner, Nozo and
Geoffroy, and Prussmant are considered at some length. The con-
clusions of all of these investigators are severely criticized or dis-
counted, some on the basis of inadequate apparatus, others on the
basis of incorrect theory or assumptions. The main purpose of the
paper is to report a series of tests carried out on a model consisting
of a cylindrical "smokebox" with axis vertical, on which could be
mounted interchangeable full-size stacks, and within which was placed
a full-size exhaust nozzle (several different diameters being used)
which had a considerable range of vertical movement. The tests were
conducted with a continuous flow of steam supplied by an adjacent
boiler, drawing atmospheric air into the smokebox through openings
of controllable area. A large number of stack and nozzle combinations
were possible; through most of the tests eighteen different stacks and
five nozzles were used. Each stack had telescopic sections which could
be removed as desired, and the distance between the top of the nozzle
*The Most Advantageous Dimensions for Locomotive Exhaust Pipes and Smokestacks. Report
by Inspektor Troske of the German State Railways published originally in Glasers Annalen, and
completely reprinted in the American Engineer and Railroad Journal, serially through Vol. 10 (1896).
tThe work of Prussman is not elsewhere referred to herein. His experiments were conducted with
a very small model, and were principally concerned with the development of a stack involving a com-
bination of several different tapers. His contribution seems unimportant.
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FIG. 3. STACKS USED IN THE VON BORRIES-TROSKE TESTS
and the bottom of the stack could be varied through thirty inches.
Figure 3 with its accompanying table shows the dimensions for the
standard series of stacks of full height, and hereafter these will be re-
ferred to by the designations in the table, which are arbitrarily derived
from the figure numbers of the original paper. The nozzle diameters
ranged from 3.94 in. to 5.51 in. The various relations studied will be
listed and the conclusions stated with such comment as seems
pertinent.
(1) The relation between draft and back pressure: this was proved
to be a linear relation up to pressures of 200 mm. of mercury (2 lb.
per sq. in.) for any stack-and-nozzle combination, as a preliminary to
other investigations; this made it possible to draw conclusions as to
the merit of any combination from the results secured from a single
steam pressure, and consequently 200 mm. pressure was taken as a
basis of comparison for all of the arrangements.
(2) Relation of draft to nozzle diameter: for various nozzles and
the same stack, the steam flow increased with the square of the nozzle
diameter, but the increase in draft corresponding was only about one-
half that of the steam flow; for example, doubling the steam flow re-
sulted in fifty per cent increase in draft.
(3) The effect of stack taper: for each nozzle a comparison is
made of the results obtained from stacks 15a, 16c and 17c (see Fig.
3), all having the same minimum diameter, but different taper. In
every case the results from 17c (taper 1 in 6) were inferior to those
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from 16c (taper 1 in 12). The cylindrical stack (15a) gave the best
results with the smallest nozzle (diameter ratio 3.5 to 1); results
equal to those for the 16c for the diameter ratio 3.2 to 1; results in-
termediate between those for the two tapered stacks for diameter
ratios of 2.9 to 1 and 2.7 to 1, and inferior to those for the 1 in 6
stack for a ratio of 2.5 to 1. The minimum stack diameter for the
group was 13.78 inches. When the experiments were repeated with
stacks with a minimum diameter of 15.75 inches, (15c, 16e, 17e) the
cylindrical stack was superior for all nozzles, though for the range
of practical values of F* the superiority is insignificant. The con-
clusions may be generalized thus: if the stack diameter is as great
as or greater than 3.2 times that of the nozzle, a cylindrical stack will
give results as good as those which may be expected from a conical
stack of the same diameter at the top of the conical connection to the
smokebox (i.e., same choke diameter).
(4) Effect of the distance of the nozzle below the smallest, or
choke, diameter of the stack: this effect was studied with five nozzles
and the fifteen stacks of the 15-16-17 series, all using the same air
inlet openingt and the same steam pressure. The general results of
varying the dimension in question for any stack-and-nozzle combina-
tion are similar: for the smallest distance possible, which is 19 inches
(the smokebox connection being 17.5 inches high, this represents an
F of 1.5 inches), a certain draft was produced which increased as the
stack and nozzle were moved farther apart up to a certain distance at
which a maximum draft was obtained: after this point further in-
crease of the distance caused a decrease in the draft. The curve show-
ing the draft on a distance basis is quite flat, and the maximum draft
point or "crown" of the curve represents only a slight variation from
the results secured for a considerable range of nozzle positions. In
Table 1 the location of the "crown" is shown for each stack and nozzle
combination, but the figures have been reduced to a basis of the
distance F for easier comparison, rather than to the basis of the
distance of the nozzle below the choke.
From this table it will be seen that for all of the stacks, except-
ing a few of the smallest diameter, the performance improves as F
increases through a considerable range, the best results being obtained
with F equal to one-and-one-half stack (choke) diameters, or slightly
*F is the distance from the top of the nozzle to the base of the stack or stack extension, and is
so used throughout this bulletin.
tThe air inlet opening was originally fixed by setting the steam jet pressure at the standard
figure, with an arrangement of stack, nozzle, and F, as used on a certain locomotive for which complete
test results were available; the air opening was then adjusted to obtain the actual draft in the front
end found for that locomotive for the given pressure. This air opening was maintained throughout
the entire investigation.
A STUDY OF THE LOCOMOTIVE FRONT END
TABLE 1
VALUE OF F GIVING MAXIMUM DRAFT FOR EACH NOZZLE AND STACK
From Von Borries-Troske Tests
Stack
Designation
15a
15b
15c
15d
15e
16a
16b
160
16d
16e
17a
17b
17c
17d
17e
Nozzle Diameter, in.
3.94 4.34 4.75 5.12 5.50
Best Value of F for Combination, in.
7
16
18
23
26
12
17
20
22
23
18
20
22
26
30
9
13
20
20
23
13
15
18
20
23
17
20
23
23
27
7
11
20
22
26
10
15
18
21
22
17
20
22
25
30
7
12
17
20
26
10
13
15
20
23
17
20
22
24
26
2
9
14
20
23
7
9
12
12
19
15
18
20
23
26
more for the smaller nozzles. In all cases F may be increased or de-
creased several inches without significant difference in the draft pro-
duced; in some cases the performance curve is so nearly horizontal
that this increase could be carried to the maximum distance without
significant change.
From the drawing of the apparatus* used by Troske it is evident
that the movement of the nozzle by means of the vertical movement
of the blast pipe itself is limited to about 13 inches; the remainder of
the 31 inches of total movement was secured by the use of rings
between the smokebox and the base of the stack. Where either method
could have been used to obtain the desired movement, there is no in-
dication as to which was actually employed. The movement of the
nozzle itself is ingenious and less open to criticism, though there would
certainly have been some stack effect from the walls of the tank, only
one-and-one-half times the diameter of the stack base. The use of
the rings to raise the stack base changed the form materially, and all
conclusions in this category are open to question.t
(5) The relation between stack form and F: to study this question,
results from stack forms of equal minimum diameter are compared
for the various nozzles operated through the entire range of vertical
*American Engineer and Railroad Journal, Vol. 10 (1896), p. 27.
fit is of interest to note that M. Legein (see Section 18) criticizes these arrangements very sharply.
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TABLE 2
RANGE OF VALUES FOR F THROUGH WHICH EACH TYPE OF
STACK GAVE BEST DRAFT RESULTS
From Von Borries-Troske Tests
Designation
15a
16c
17c
15b
16d
17d
15c
16e
17e
Stack
Diameter, in.
13.78
14.76
15.75
Type
Cyl.
Taper
Taper
Cyl.
Taper
Taper
Cyl.
Taper
Taper
Taper
None
1/12
1/6
None
1/12
1/6
None
1/12
1/6
Nozzle Diameter, in.
4.75 5.12 5.50
Percentage of the Maximum F Through Which
Each Type of Stack Gave Best Results
0-65
65-100
0-29
29-78
78-100
0-42
42-85
85-100
0-55
55-100
0-13
13-71
71-100
0-32
32-78
78-100
0-45
45-100
0-55
55-100
0-25
25-68
68-100
positions. Table 2 shows the range of F (in terms of percentages of
the maximum value of 31.5 inches) through which each type of stack
gave the maximum draft. Air inlets and steam pressure are constant
in all cases.
It will be seen from the table that the largest value of F for which
the cylindrical type of stack gave the best results is 13 inches, cor-
responding to 42 per cent of the maximum value, in the case of stack
15c. Values of F greater than 24 inches or 75 per cent are of no in-
terest in American practice; hence the cylindrical stack is practically
ruled out, and the stack with 1 in 6 taper is only of interest in the
smaller diameters. Within the range of F = 12 to 24 inches, or 38 to 75
per cent of the maximum, the stack with 1 in 12 taper has almost a
monopoly.
(6) Stack height: all of the stacks shown in Fig. 3 except 15a, 16c
and 17a were constructed so that successive sections could be removed
from the top, the stack being thus shortened by 11.8, 19.7 and 27.6
inches. Each of the four possible heights for every stack which could
be thus varied was tried with the five regular nozzles and a range of
F values from minimum to maximum. For the cylindrical stacks it
was found that for the smaller values of F, the reduction in height
resulted in a somewhat more than proportional reduction in the draft
produced, but as F was increased, the reduction in height produced a
less pronounced reduction in draft; with the maximum value for F,
a 48 per cent reduction in height resulted in only 10 per cent loss of
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draft. For the conical stacks of the flared base type (series 16 and
17) the reduction in draft for small values of F was the same as for
the cylindrical stacks; for greater values of F the draft loss was re-
duced but still remained considerable: at maximum F, the 48 per cent
reduction in height entailed 25 per cent loss of draft. Tests on the
type of stack without the conical base (series 18) similarly shortened
show that, for the major portion of the range of F, the draft curve was
a straight line, that is, the draft for any given stack height varied di-
rectly with F. For any given F the variation of draft with stack
height was similar to that found for the stacks of series 16 and 17, but
the results were markedly inferior.
(7) Nozzles with various forms of channels: it was found that,
if nozzles had openings of the same shape and diameter, the form of
channel through which the steam passed had "no noteworthy effect"
on the performance. Nozzles with plain conical channels, with re-
duced taper at the mouth (cylindrical exit) and with a shoulder or
sudden reduction in diameter in the mouth were considered in the tests.
(8) Bridge nozzles: it was found that the use of a bridge nozzle
was advantageous, especially in cases where the distance F could not
be made large enough to obtain the best performance with the ordi-
nary nozzle.
As a result of the tests the following general conclusions were
reached, and certain design formulas established:
(1) On any locomotive with a given nozzle the same draft can be
produced by means of a number of different stack arrangements.
(2) The stack which will give best results on an actual locomotive
cannot be determined in the laboratory; only the draft efficiency can
be thus determined, and the stack producing the highest draft may not
be the best in actual service. (That is, the draft may be too great.)
(3) For equal results, the diameter of a cylindrical stack must be
greater than the minimum diameter of a tapered stack, suitable for
the same operating conditions.
(4) For a fire area through the tubes K and a grate area R, the
smallest diameter of a conical stack should be (0.0023 R + 0.310) K,
and the diameter of a cylindrical stack should be 22 per cent greater.
(5) For the same top diameter, the cylindrical stack is the least
effective draft producer, but with adequate diameter the cylindrical
stack is in no way inferior to the tapered stack.
(6) The area of the nozzle should be %5 the fire area through the
tubes, or % that of the corresponding conical stack at the minimum
diameter.
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(7) The distance from the choke of the stack to the top of the
nozzle ("x" in Fig. 3) should be 1.5 times the stack diameter at the
choke. (This seems a surprising conclusion; the writer may have
meant that the 1.5d should be the distance F below the base of the
stack, but the wording is clear as stated.)
(8) The height H + F should be from 4 to 5 times the minimum
stack diameter, but it may be increased some inches if space is avail-
able.
(9) When the distance H + F is known, it should be divided be-
tween 1 and x (see Fig. 3) in the ratio of about 2 to 1.
(10) The shape of the base of the stack is of little importance
provided the opening is large enough; however, if the stack is ex-
tended down into the smokebox, a flare on the bottom is advantageous.
(11) For a stack of taper other than 1 in 6, the cross section of
the stack at a point half way between x and the top of the stack
should be equal to that of the 1 in 6 stack at the same height had the
latter form of stack been used.
(12) In studying the draft action of a locomotive and considering
its improvement, the stack and nozzle must always be studied together.
The conclusions as listed are not taken verbatim from the paper,
but embody Troske's formal conclusions, also certain notes of im-
portance which he presents with them and the design formula he
suggests. All the phenomena observed are explained on the basis of the
inductive or frictional action of the steam, and this stresses the
necessity for providing ample room for the surrounding mantle of
gas or air. Troske finds by measurement that the widening of the jet
is about 1 uniit in 2.5 above the mouth of the nozzle, which is constant
for all pressures; the only difference in form for various pressures is
that the jet maintains its definite boundaries up to a point further
from the nozzle with each increase of pressure.
14. Report of Quereau and Sauvage.-Mr. C. H. Quereau was ap-
pointed a reporter on draft appliances to the International Railway
Congress of 1900, and in the Bulletin of the Congress for December,
1899, he presented a report in the form of a digest of a decade's ex-
perimenting and progress in front-end design.* This contrasts the re-
sults of the Von Borries-Troske tests with those obtained from the
tests in the Purdue locomotive laboratory (considered later in this
chapter). Although his information on the former research was evi-
*Abstracted in the American Engineer and Railroad Journal, Feb., 1900, p. 55.
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dently incomplete, he criticizes the conclusions with regard to the use
of the bridge nozzle, the effect of various forms of nozzle opening on
the action of the jet, and the conclusions relating to the distance of the
nozzle from the base of the stack.
M. Sauvage of the French railways was also a contributor to this
report, making an extensive survey of variable exhaust nozzles and
other methods of controlling the draft. This part of the report was
abstracted in the Railroad Gazette,* and editorially commented upon
to the effect that there was no hope of the controlling devices being
practically adopted in America.
15. Symington's Experiments.-In October, 1903, Mr. T. H. Sym-
ington presented a paper before the Richmond Railway Club describ-
ing a series of model front-end tests.t The model used was a quarter-
size reproduction of the essential front-end parts for a locomotive
having 19 by 26-in. cylinders, and was generally similar to that used
for the tests on which later chapters of this report are based. The
"front end," however, was an empty drum with vertical axis. Air at
atmospheric temperature was admitted through a single opening of
variable area on one side; a steady or pulsating flow of steam at jet
pressures up to 60 lb. was used. A number of different stacks and
nozzles were provided, and the nozzle could be moved vertically on its
axis to vary F. Some of the important conclusions drawn were:
Results from steady flow and pulsating flow of steam are practi-
cally the same.
Various arrangements are found to possess the same order of merit
regardless of the exhaust jet pressure used.
Moving the nozzle away from the base of the stack increased the
vacuum in every case. Cylindrical stacks and those with small taper
(1 in 30 approximately) showed results which did not vary greatly
with the distance until about 15 or 20 inches was reached (actually
one-fourth this distance in model measurement), after which there was
a rapid fall in the vacuum. Stacks of considerable taper (1 in 10 to
1 in 15) showed a consistent increase in vacuum as the nozzle was
moved away, up to about 20 inches, where there was a well-defined
best performance, and after which the vacuum fell off.
Most of the comparisons were based on a five-inch nozzle. For
this nozzle the best results were obtained with two stacks, each hav-
*June 29, 1900.
tThe paper was abstracted in the Railroad Gazette for October 30, 1903, p. 774.
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ing a belled base and a diameter of 14 inches at the throat. The re-
sults were practically the same for a height of 5.5 diameters and a
taper of 1 in 30, and for a height of 4.3 diameters and a taper of
1 in 14. The second stack was of the regular "Master Mechanics" pro-
portions. The results indicated that if the two stacks were made of
equal height, the stack of greater taper would give much better results.
Where comparisons could be made, the use of the flared bell on the
stack recommended itself.
The action of a cylindrical stack is improved by adding a cast iron
choke at the base of the stack.
The smaller the stack diameter, the closer the nozzle must be to its
base for maximum efficiency.
The paper concludes with a set of directions for running standing
tests on a locomotive in order to investigate and improve its steaming
qualities.
Mr. Symington's experiments were obviously conducted with great
care, and were well organized and well reported: they seem to de-
serve greater publicity than they received. It may be objected, how-
ever, that many of the conclusions were drawn on the basis of exhaust
pressures that were much too high. The method used to vary F gives
no light on the present-day problem of design, and the diameter of
the "front end," only about three times that of the stack, may also
weaken conclusions with regard to F.
16. Strahl's Investigations and Design Formulas.- Dr. Strahl's
paper is introduced by references to previous work on German loco-
motives* which he proposes to refine and improve by a study of the
theory of action of the front end, the process to be built on the theories
of Zeuner. In order to interpret and qualify Zeuner's theories, the
ratio of gas to steam (Wa/W 8 or f) required study and evaluation, as
the values proposed by Zeuner were much too large. He follows with
a concise statement of Zeuner's theory and certain conclusions as well,
which have been already quoted herein, and then proceeds to a mathe-
matical consideration based on the equation
Po - P" ý X (Wa/R) 2
in which Po represents the atmospheric pressure, P. the pressure in
the smokebox (hence the left half of the equation is the draft), X is
*Investigation and Design of Locomotive Exhaust Nozzles and Smokestacks, by G. Strahl,
Zeitschrift der Verein deutsche Ingenieure, Vol. 57 (1913), p. 1739.
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a resistance coefficient defined by tests, Wa the weight of air flowing
in kg. per second, and R the area of the grate in square metres. He
then developed the critical equation giving the relation between the
area of the nozzle opening, the area of the stack at the smallest di-
ameter, and other principal variables as follows:
eu
w 2-
r (1 + f2) + CX (f) (R)
calling this "the main formula for computing the nozzle tip for a
given front end." From this formula he obtained by differentiation
expressions for the best values of the areas of nozzle and stack as
follows:
Re
Area of the exhaust nozzle, w =
2f(1 +f) V6Xr
Area of the stack, smallest (1 + f) (Rr)
diameter, u = f6Xf\6Xr
In these three equations, r is a measure of the taper of the stack, being
1.0 for a cylindrical stack and 0.8 for the usual tapers; C is the ac-
celeration of gravity divided by the specific volume of the stack mix-
ture; e is the ratio between the specific volume of the steam at the
nozzle tip and the mixture of steam and gas in the stack, this ratio
having a value of 1.15 for superheater locomotives; the value of X
ranges from 45 to 70, depending on the air opening through the grates
and the area through the tubes, larger values of the areas correspond-
ing to larger values of the coefficient; g is the acceleration of gravity,
and all values are in metric units.
The ratio of areas of stack and nozzle given by these equations
is of interest. If e is taken as 1.15 and r = 0.8,
U
- = 1.4 (1 + f) 2
w
The ratio has a value of 12 to 13 for the values of the ratio Wa/W,
which Strahl proposes.
Obvious geometrical relations are then developed to determine the
height of the nozzle, the desirable tapers, etc., based on the assumption
that the jet spreads at the rate of 1 unit in 3 up to the base of the
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stack, and 1 in 6 after entering the stack. The equations for stack
diameter are:
Diameter at the top c < n + - +H)
3 6
Diameter at the base b > (n + -( F3
where n is the diameter of the nozzle, H the total height, of the stack
and F the distance from the top of the nozzle to the base of the stack.
During the course of the paper the author makes a study of the
weight of gas moved per unit of steam, Wa/W,, or f. He concludes
that he is justified in assuming a very narrow range, from 2.05 at low
rates of combustion to 2.13 at high rates. His formulas in general give
results which seem reasonable, though generally somewhat large as
compared with American practice. This is probably due to the dis-
proportionate grate sizes in use in this country. It is not usually pos-
sible to set the nozzle as far below the mouth of the stack as Strahl's
proportions indicate to be desirable.
17. Articles in "Railway Engineer." - A serial under the title
"Modern Locomotive Design and Construction" ran through the num-
bers of the "Railway Engineer" (London) for several years, the articles
being virtually anonymous, being signed only by Greek letters, initials,
and expressions indicating membership in engineering societies. The
serial as a whole probably represents the most important work on the
locomotive in the English language, notwithstanding the modesty of
the authors.* The material on "Smokebox, Blast Pipe and Chimney"
is contained in the installments published between September, 1917,
and March, 1918, inclusive.
The information contained in these articles was not based on any
series of tests run for the purpose, but the authors evidently had at
their disposal a large amount of test data. They felt it necessary to
refute the piston theory of exhaust jet action: "Experiments have
proved that there is little difference in the weight of the gases carried
away by a given weight of steam, whether the blast be continuous or
intermittent." They conclude that the action is almost entirely induc-
tive, that is, friction between the steam and the gas causes the motion
of the latter; the coefficient of this friction varies as the square of the
relative velocity. The action of the steam in removing the smokebox
*It is understood that Mr. J. F. Gairns contributed extensively to these articles.
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gases depends on the surface of the jet exposed, the density of the jet,
and some power of the initial velocity which will not be far from the
square root. For any particular arrangement of blast pipe and
chimney, the first of these quantities is practically constant. The draft
is largest when the resistance through the grate, fire and tubes is
greatest.
The inductive action of the steam may be increased by reducing
the diameter of the nozzle, thus increasing the velocity, which also
increases the exhaust pressure. The same result can be obtained by
bridging the nozzle, which has the advantage also of offering ad-
ditional surface to the jet. Correct proportioning of the blast pipe
and the use of a chimney of the best taper, height, and flare, also the
placing of the blast pipe a correct distance below the mouth of the
chimney-all these are necessary to secure the best performance. The
more surface of the jet there is exposed to the gases, the more oppor-
tunity there is for them to be set in motion; the stack must not be
filled (by the steam jet) or this action will cease. The distance of the
nozzle below the base of the stack is important only as it concerns
the flow of air through the tubes.*
The writers favor the use of the tapered stack because the larger
outlet allows the steam to expand and convert its static energy into
kinetic energy while in contact with the gases. Various investigations
have placed the ratio of height to diameter of the stack at from four
to six for highest efficiency. To obtain the best performance the height
of the stack above the choke should be about three times the choke
diameter, or about 83 per cent of the height from nozzle to choke.
There is considerable increase in efficiency as a result of the use of a
bell-mouth, the best form being one in which the diameter is doubled
in an extension of about seven-eighths of one diameter.
The paper continues with a set of rational calculations for the rela-
tion between stack and nozzle diameter for the discharge of 1 lb. of
steam per second, with two pounds of combustion gases moved by the
frictional process. The method depends wholly on the assumed ratio of
gas to steam and the assumption of frictional movement only, and
results in the conclusion that the proper stack diameter is three times
that of the nozzle, on the basis of the maximum possible amount of
work being realized from the exhaust. Actually, the nozzle is made
smaller than this ratio indicates, on account of the lower efficiency
*The original wording is here followed closely. The writers have in mind a front end without
baffle plates. The importance of the base of the stack being about on a level with the top row of tubes
is clear. The advantage of a fairly low nozzle under the same conditions is evident, but they do not
believe that the additional superficial area of the jet obtained by additional length exposed is as impor-
tant or useful as that obtained by the use of a larger nozzle diameter or by bridging.
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of the exhaust and the higher velocity therefore required to move the
same amount of gas. It is assumed that if a discharge of 1 lb. per
second requires a nozzle of given size, the discharge of a larger amount
will demand a nozzle of proportionate size, and that the stack-to-
nozzle ratio will remain constant.
The authors conclude with a strong argument in favor of the ex-
panding or turbine-type nozzle, with a throat of easy entry and con-
siderable expansion toward the mouth. They also consider the use of
variable exhaust nozzles, but disapprove of them on account of the
difficulty of keeping the mechanism in operative condition.
18. Legein's Analysis.-In the Bulletin of the International Rail-
way Congress for 1920* M. Legein, Chief Engineer of the Belgian
Railways, presents a mathematical analysis of the draft problem which
is probably the most rigorous yet produced. In the course of the
process equations are developed which tend to prove the following im-
portant relations:
(1) For any given boiler and front-end arrangement the velocity
of the gases emerging from the tubes is proportional to that of the
steam emerging from the nozzle. (It is to be noticed, however, that
a "given boiler" in this case implies a certain definite resistance, in-
clusive of that in the fire.)
(2) The draft is proportional to the exhaust pressure.
(3) If the resistance of the boiler is increased, in order that the
same amount of air or gas may be moved by a given weight of steam,
the velocity of the latter must be increased by reducing the nozzle
diameter.
(4) If a greater value for the ratio of gas to steam is required, as,
for example, for the case of the use of a poorer grade of coal, and the
resistance remains constant, the size of the exhaust nozzle must be
decreased.
(5) When a nozzle diameter has been determined, corresponding to
a normal maximum output for a boiler, if the boiler must be forced
beyond this maximum, the nozzle diameter must be decreased.
The process for design developed by M. Legein is as follows:
(1) Assume values for the following, all dimensions and constants
having their metric values:
Grate area of the locomotive
Amount of fuel to be burned per hour
Evaporation to be expected for this rate of combustion
Draft to be expected in the smokebox
*English edition, Vol. 2 (1920), p. 319.
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The weight of hot gas produced per unit of fuel burned
The temperature and density of this gas
The density of the exhaust steam
(2) The resistance of the fire, tubes, etc., is measured by the ratio
N/d/Q' where d is the draft and Q the volume of gas flowing per
second. M. Legein calls the inverse of this ratio the "temperament,"
the value of the ratio (and of the inverse), following from the as-
sumptions of (1).
(3) Determine the value of the ratio "f," the number of units by
weight of gas moved to steam discharged, from the assumptions of (1).
(4) Determine the value of the ratio "z," the density of the hot
gas divided by the density of the exhaust steam, from the assumptions
of (1).
(5) Determine the value of "y" from the equation
y z2 = f 4 + (2 + z)f3 + 2zf2
in which z and f are known from steps (3) and (4).
(6) from the original development, the value of y is given by the
expression
y = -- - hence w =
w 2g y 2g
where w is the area of the nozzle in square metres, t the density of
the steam, g the metric value for the acceleration of gravity, 9.8
metres per second per second, and T the "temperament." The value
of w may be calculated from the equation given, since T, t, y and g
are known.
(7) Obtain the diameter of the stack from the following equation:
y z + (2 + z) ay + 2a - a4 = 0
In this equation, the values of y and z are already known; the equa-
tion having been solved for a, the stack diameter is found from the
relation a = d/n = the diameter of the stack divided by the diameter
of the nozzle; the latter is already known since the area of the nozzle
has been determined in (6).
The only tests made as a part of this investigation resulted from
the writer's dissatisfaction with the indefinite statements made by
other experimenters on the question of the location of the nozzle rela-
tive to the base of the stack. His apparatus consisted of a glass globe
with glass "stack" and "exhaust pipe" axially located, a vacuum
gage, and a controllable number of air openings for admitting air
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Distance, F, fro1m7 /Vozz/e to Bottotz of StXaeC /'n7 mm
FIG. 4. VARIATION OF DRAFT WITH F-LEGEIN TESTS
into the globe. Air under pressure and colored with tobacco smoke
was blown through the nozzle, which could be moved vertically
through a tight gland in order to vary F; several diameters and heights
of stack (all cylindrical) were provided. Typical of his findings with
this apparatus was that with a nozzle of one-fourth the stack diameter
(= d/4) and stack heights of from 2.5 to 9 diameters, for any given
stack height a variation of F through the range d/4 to 5d/4 resulted
in practically no variation in the draft or vacuum produced, there
being a wide variation in values for the "best arrangement"; for values
of F greater and less than the limits given the draft produced fell off
rapidly. The figure representing the data from which these conclusions
were drawn is reproduced as Fig. 4a. From this, Fig. 4b is derived to
represent the ordinary form of the F problem: the effect of varying
the inside extension of the stack when the positions of the nozzle and
of the top of the stack are fixed. It appears that the greater this
total distance is, the less effect variations in F have on the draft.
However, the presence of a range of values of F giving maximum per-
formance is noticeable, the range being from 1.1 to 1.5 stack diameters
(15 to 20 mm.)
M. Legein suggests that, on the basis of his experiments, the fol-
lowing statements may be made, clarifying and expanding the con-
clusions of Nozo and Geoffroy:
(1) When F is small, the best length of stack is from 6 to 8
diameters.
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(2) Under these conditions the vacuum is practically constant for
any value of F up to the point at which the free jet (its shape de-
termined by a spread of 1 unit in 3.5 as it rises from the nozzle)
would no longer all enter the stack. This shows the outer portion of
the jet to be less efficient.
(3) There is a definite "best position" for the nozzle below a
short stack; this position is given by the expression 5(d - n). For this
setting, if the stack height is not less than its diameter, the height has
no effect.
(4) The best location of the nozzle is not related to the "tempera-
ment" or the resistance of the gas passages.
19. Huygen's Investigation.*-Dr. Ing. F. V. Huygen (of Delft)
made an investigation of the draft performance of a full sized loco-
motive by blocking the engine up from the rail, the power being ab-
sorbed by water-cooled block brakes.t He proposed to study in detail
the entire course of the jet from the nozzle to the top of the stack,
and this study had demonstrated the untenability of some of the pre-
vailing theories regarding draft action. The test work involved varia-
tions in stack form and height, nozzle form, exhaust pressure, speed,
and throttle position.
In a preliminary study of jet form, he found that, with a nozzle
110 mm. in diameter, and with F about 400 mm., the jet traveled vir-
tually intact into a cylindrical stack of 410 mm. diameter, having a
flared base, and remained intact for over half of the total height of
the stack (about 1230 mm.); it behaved similarly for a conical stack
having a 382 mm. choke diameter, and 1 in 10 taper; above the point
named the form of the jet was lost and a mixture of gas and steam
filled the stack. For a short conical stack, with F = 250 mm., choke
diameter 322 mm. at mid-height, and total height 510 mm., the jet
remained intact at the top of the stack, and emerged from the latter
surrounded by a clearly visible smoke ring, unmixed with steam. The
form of the jet was defined by means of measurements with pitot
tubes and thermocouples in holes drilled into the stack and smokebox.
The spread of the jet up to the narrow section of the stack was found
to be about 1 unit in 4.3 for the ordinary round nozzle.
A study of the velocity and temperature conditions within the
stack led to the c6nclusion that the cylindrical stack form promoted
*"Experimental Investigation of Locomotive Stacks," the original paper translated into German
and abbreviated by Dr. A. Geisl-Geislingen, Zeitschrift des Oesterr. Ing. und Arch. Vereines, No.
27-28 (1924), p. 248.
fAs might have been expected, heating difficulties limited the output of the locomotive to 250
horsepower.
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the mixing of the steam and gas at a more rapid rate, but that the
conical stack, on account of its flare, resulted in better conditions at
the top of the stack. The conical stack proved distinctly superior in
the shorter lengths, until the lower limit of practicable length was
reached.
The investigator reached an important conclusion in this connec-
tion: "The determinations, of these tests (that is, the velocities and
temperatures at various points in the stream of steam and gas) show
that for any cross section of the jet, the speed of the jet is constant.
This shows that in the movement of the gas friction has no great effect,
for if this were the case the stream of gas enveloping the steam jet
would steadily lose velocity the further it is measured from the
rubbing surface." He further concludes that the gas must be moved
by a species of molecular collision, and that the acceleration of the gas
outside of the jet is due to the higher pressure in the smokebox than
within the jet.
20. Geisl-Geislingen's Analysis.-This paper* virtually builds up
a mathematical theory on the foundation of the previous one, the
author considering his own work as a continuation of the Huygen in-
vestigation. From a consideration of the energy equation, he arrives
at the following stack equation:
mVi 2  V, 2
-= [l +f]-+Ln
2g 2g
where L. is the useful work done by the exhaust jet, Vm the velocity
of the mixture at the top of the stack, V1 the velocity of the steam
at the nozzle, Wa/Ws f the weight of gas moved per unit weight
of steam, m the fraction of the energy of the jet not represented by
the shock loss (i.e., m is an efficiency ratio) and g the acceleration
of gravity. All units and constants are in the metric system.
To apply the foregoing formula to the problem of design requires
a large number of assumptions. The value of m varies from 0.45 to
0.75, and 0.55 may be taken as representative for the typical high-
center boiler with relatively short smokestack. The value of the ratio
f in practice is from 2 to 2.7, the latter figure corresponding to super-
heater locomotives under heavy loads.t The useful work L, is calcu-
lated from the formula
*Zeitschrift des Oesterr. Ing. und Arch. Vereines, 1924, No. 43-44, p. 373, and 47-48, p. 411.
tA very high ratio indeed to select for this combination.
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where the specific gravity of the gas, s, and of the steam, t, must be
estimated from the pressure, temperature, and dryness of the steam
and the composition and temperature of the gas. The draft d is best
estir•ated, as computation by means of formulas involving resistance
coefficients is of little use. If the draft for a given firing-rate is known,
that for any other rate may be estimated on the basis of its varying
as the square of the firing-rate. The useful work may also be roughly
checked by comparison with the energy remaining in the mixture at
the top of the stack, La. The author presents a table in which the
value of the ratio La/L. for a small saturated-steam locomotive is 0.6,
and for a modern superheated-steam locomotive 3.9; he says the first
is exceptional and considers the second very bad, and limits the range
for design to from 0.9 to 1.4, the latter applicable to grates of 5 square
metres area.
When the values thus known and estimated are substituted in the
general equations there remains a relation between V, and Vm, the
steam velocity at the nozzle and the mixture velocity at the top of the
stack. The procedure may now be that of turbine design: a definite
amount of energy which may be lost in the discharge at the top of the
stack is selected. This obviously should be as small as possible, but
must in any case be of the order of magnitude of the useful work done,
as shown by the values for La/Ln in the preceding paragraph. The
second term in the general equation, representing the energy leaving
the stack, having been reduced to Vm times a known coefficient, if this
is placed equal to a definite amount of energy, the value of V, follows.
Next, V,n and the rate of discharge, temperatures, composition, etc.,
of the stack mixture being known, the stack diameter follows. Also,
Vm known, V1 follows from the general equation in which the latter is
the only remaining unknown quantity, and from V1 and the discharge
rate the nozzle diameter is determined.*
The diameter at the top of the stack having been determined, the
remaining dimensions may be found as follows:
Taper of the stack above the choke, 1 in 6.5 to 1 in 10, the smaller
values being favorable for short stacks.
*The process may be illustrated as follows: let m = 0.5, f = 2, and g = 9.8; then the general
equation reduces to the expression (round-number coefficients)
0.025V12 = 0.15Vm2 + La
If 1/t = 1/s = 1780 and d = 140 mm., L n = 750 kg.m. per kg.
Take L a  1, i.e., 0.15V2• = 750, hence, Vm = 71.0 m. per sec.
If the discharge rate is 3 kg. of steam and 6 kg. of gas per see., the volume is 9 X 1.78 = 16 cu. m.
per sec., hence the stack area must be 16/71 sq. m., or the stack diameter 0.54 m. Also since Vi 2 =
1500/.025 and Vi = 246 m. per sec., a discharge of 3 cu. m. per sec. at 246 m. per see. velocity requires
an area of 0.0121 sq. m. or a diameter of 124 mm. for the nozzle.
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Length above the choke, to be as great as possible, and not less
than 1.1 times the choke diameter in any case.
The section of minimum diameter, to be made as long as possible.
The form of base is of little moment. The length of the flaring
lower part should be large, and the flare may be made a 60-deg. cone
if space is available.
Several quotations from the paper should be noted. Speaking of
the source of exhaust energy the writer says: "Since the steam pres-
sure difference between release pressure and atmospheric pressure can-
not be of further use (i.e., in work delivered), it is immaterial whether
this remaining energy is used as a whole or in part, that is, whether
the draft arrangements work efficiently or otherwise." "As a general
rule the back pressure varies inversely with the fourth to the sixth
power of the nozzle diameter, so that a small increase in the diameter
means a substantial saving of energy." Concerning design, he says:
"The design of stacks universally follows prototypes. The well-known
formulae give useful results, but they are not universally applicable
and are so arranged that the effect of the separate variables is not
clearly shown." "There is very little in literature relative to the most
advantageous form of stack, and what there is includes much dis-
agreement." "The actual efficiency is to be determined only by trial."
The writer necessarily assumes a perfect mixture at the top of the
stack in order that his general equation may be valid, but immediately
follows this statement with one concerning the variation of the velocity
in the jet between the core and circumference that casts considerable
doubt on the. assumption.
21. The Purdue Tests.-Under this heading will be considered
three sets of tests on front-end arrangements made in the locomotive
laboratory of Purdue University. The first series was undertaken in
co6peration with a committee of the American Railway Master Me-
chanics' Association, and a complete account of the work was pub-
lished in the Proceedings of the Association, Vol. XXIX, (1896).
Several important questions left unsettled in these tests resulted in a
further series conducted under the patronage of the American Engi-
neer and Railroad Journal; the results of these tests were published
serially in the magazine named during 1902. Recognizing that much
of the work previously done was not fully applicable to locomotives
with large boilers and grates and limited stack height, a third series of
tests was run, again in co6peration with a committee from the Master
Mechanics' Association, and these tests were reported in the Proceed-
ings for 1906.
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The first two series were made on the university engine, "Sche-
nectady No. 2," with a smokebox 51 inches in diameter. Provision was
made in the first series for changing the form and height of the nozzle.
In the second series, the form and height of the stack were studied;
eight different stacks, cylindrical and tapered, with variable height
and with bases of varying flare were provided, also a combination ex-
haust pipe and nozzle with eight different heights. The results of
these two series cannot be better summarized than has been done by
Dr. W. F. M. Goss (who was in charge of the work) in "Locomotive
Performance," Chapter XI, p. 255. A few conclusions which are of
no present interest are here omitted.
"(1) The jet acts on the smokebox gases in two ways, first by
frictional contact as it induces motion in them, and secondly, it en-
folds and entrains them.
"(2) The action of the jet upon the smokebox gases is to draw
them to itself so that the flow within the front end is everywhere
toward the jet.
"(3) The action of the jet is not dependent on the impulses result-
ing from individual exhausts. Draft can as well be produced by a
steady flow of steam as by the intermittent action of the exhaust.
"(4) Draft resulting from the action of the jet is nearly propor-
tional to the weight of steam exhausted in a unit of time. It does not
depend on the speed of the engine nor the cut-off in the cylinders, ex-
cept in so far as these affect the weight of steam exhausted.
"(5) The form of the jet is influenced by the form of the channel
through which it is made to pass. Under ordinary conditions it does
not fill the stack until near the top. If the diameter of the stack is
changed that of the jet will also change.
"(6) All portions of the smokebox in front of the diaphragm have
approximately the same pressure, consequently a draft gage attached
at any point may be depended upon to give a true reading.
"(7) The resistance which is offered to the forward movement of
the air and gases between the ash-pan and the stack may be divided
approximately into three equal parts, which are: first, the resistance
of the grate and the coal upon the same; second, the tubes; third, the
diaphragm.
"(8) The form and proportion of the stack for best results are
not required to be changed when the operating conditions are changed;
that is, a stack suitable for one speed is good for all speeds, etc.
"(10) As regards the form of outside stacks, either straight or
tapered may be used . . . . Incidental reasons make the tapered form
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preferable. The form of tapered stack implied is one having a choke
or least diameter 16 inches above the base, and above that a taper of
one in six. The diameter of a straight stack must be greater than the
least diameter of a tapered stack for the same conditions.
"(11) In the case of outside stacks the height is an important ele-
ment; in general the higher the stack the better the draft.
"(12) The diameter of any stack designed for best results is af-
fected by the height of the exhaust nozzle. As the nozzle is raised the
diameter of the stack must be reduced and vice versa.
"(13) The diameter of a straight stack designed for best results
is affected by the height of the stack. As the stack height is increased
the diameter must also be increased.
"(14) The diameter of a tapered stack designed for best results as
measured at the choke, is -not required to be changed as the stack
height is changed."
The third series of tests was conducted on a locomotive with 74-in.
diameter smokebox and a stack extension of 29 inches outside of the
smokebox, which was maintained for all tests. Stacks without inside
extensions were provided, having minimum diameters of 15, 17, 19, 21,
23, and 25 inches, respectively. The stacks with 15-, 17-, 19-, and 21-
inch diameters were each provided with extensions inside of the smoke-
box of 12, 24, and 36 inches length, respectively. The merit of each
stack arrangement was measured by the draft produced with a back
pressure of 3.5 lb. per sq. in. The best combinations found were as
follows:
For a stack with no extension, a diameter of 23 inches gave the best
results, the draft being 4.54 inches.
For a stack with 12 inches inside extension the 21-in. stack gave
the best results, with a draft developed of 4.71 inches.
For the 24-in. inside extension the best results of the entire series
were obtained with a 17-in. stack and a false top filling the smokebox
at the level of the bottom of the flare. The draft was 5.06 inches for
this arrangement. Almost identical results (draft 5.05 inches) were
obtained by using in place of the awkward false top an annular disc
extending horizontally from the bottom of the flare, and double its
diameter. Almost as good results (a draft of 4.98 inches) were se-
cured with the same stack by substituting a flare of double the stack
diameter.
Numerous arrangements of draft pipes or petticoats were tried;
it was found that no combination of draft pipes could be made to
give as good results as those obtained from stacks with inside exten-
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FIG. 5. MASTER MECHANICS' FRONT END
sions, though the use of draft pipes made possible the use of small-
diameter stacks of the no-extension type otherwise eliminated.
As a result of these tests the committee report embodied a sug-
gested standard front end, which is shown in Fig. 5 with the recom-
mended proportions. It is of special interest to note the following
statement in the report of the tests: "The data show that stacks vary-
ing as much as two inches in diameter sometimes give results that are
almost identical. It happens also that in some cases, a stack of the
diameter which gives the best performance is almost equalled by one
two inches less and two inches greater in diameter; in such a case a
variation of four inches appears not to be significant. This is true,
however, with only the combination of certain heights of nozzle with
certain heights of stack."
The so-called "Master Mechanics Front End" exerted a controlling
influence in American design for many years, even though the general
front-end arrangement required considerable modification as a result
of the adoption of the superheater.
22. Tests at Altoona.-Bulletin No. 9 of the Test Department of
the Pennsylvania Railroad reports a series of tests on an Atlantic type
locomotive made at the testing-plant at Altoona. The engine was
originally equipped with the front-end arrangement shown in Fig. 6,
which did not clear itself of cinders and caused occasional engine fail-
ures as a result of the stoppage of the gas passages. Figure 7 shows the
final arrangement of the front end which was adopted, except that this
figure shows a "Master Mechanics" stack which was tried but not
finally adopted. The main points of interest in the present connection
are as follows:
(1) A diverging (turbine type) nozzle was found impracticable.
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FIG. 6. ORIGINAL FRONT END FOR E-3 LOCOMOTIVE
(2) A conical trunk connecting the whole of the tube area with
the base of the stack, into which the nozzle was inserted at the usual
point, was found impracticable.
(3) By improvement of the stack design (mainly lengthening of
the inside extension), it was found possible to use a larger nozzle and
still clear the front end of cinders. This was in part accomplished by
a rearrangement of the front-end plates, which had the effect of de-
creasing the resistance of the front end, thus allowing a larger velocity
for a smaller expenditure of energy.
(4) The Master Mechanics stack gave results which were good
but not quite up to the level of those from the improved railway stack
design.
S/2o.s ,las.e/v .l',c/m',cs
Si'crck /7 p/01ce; //Ie.-%'/
arrqnge'en2 er•p/oyead' a
sAyck siŽ?/7ar to 2j'c: of.
Fl. 6, e extens0io be/'?g
5 /4-c/es /og'el- a'd7, wi'Wll
F
= {Z f'nc/?es.
FIG. 7. FINAL FRONT END (EXCEPT STACK) FOR E-3 LOCOMOTIVE
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Preliminary tests in the series showed that the difference in draft
for "heavy" and "light" firing, for the same rate of steam discharge,
might be as much as 50 per cent, and the statement is made that
"Draft cannot be used as a basis for front-end comparisons for loco-
motives burning coal." It was so used, however, throughout the bul-
letin. The statement is also made that a satisfactory front end is not
only one which gives a good draft, but one that meets the other con-
ditions of satisfactory steaming, reasonable coal consumption, high
boiler efficiency, and adequate maximum capacity.
Another series of tests at Altoona which gives light on the front-
end problem was made on a three-cylinder 2-8-2 type locomotive of
the Missouri Pacific Railway.* As delivered to the laboratory, the
locomotive had a short stack with a wide flare, 39 inches total height,
19 inches top diameter, and 18 inches diameter at the top of the
smokebox, and F was 29 inches. There was a plain circular nozzle of
six-inch diameter. The engine was found to be capable of producing
much less steam than another (the Pennsylvania L-l-s) of similar
boiler dimensions. The original front-end arrangement was then suc-
cessively altered until the maximum boiler output was raised from
49 000 lb. to 61 200 lb. of steam per hour. The final arrangement
employed a stack of 70 inches total height with top and base diameters
of 24 and 17 inches, respectively, and F - 16 inches. The increase in
capacity was secured in spite of a change to a larger nozzle, the final
form being a seven-inch Goodfellow nozzle with four prongs (the type
of nozzle represented in Fig. 53, there called the Pennsylvania type),
the net increase in area being about 11 per cent.
23. Summary.-In considering the conclusions of the various in-
vestigators a few comparisons may be made by way of summary.
(1) As to the fundamental method of operation of the exhaust jet,
Zuener and Goss (summarizing the Purdue results) agree that both
friction and mixing are involved in the action; Troske says only fric-
tion is involved, the "Railway Engineer" ("Modern Locomotive De-
sign and Construction") says the action results mostly from friction;
Huygen denies the action of friction entirely and ascribed the effect
to "molecular collision."
(2) All of the investigators who considered the matter evidently
fully understand the general condition that for a reduction in nozzle
size, with the rate of steam flow remaining constant, the draft and air
flow increase at the expense of increased back pressure. Zeuner, Nozo,
*Railway Age, Vol. 70 (1925), p. 1623.
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Troske, Symington, the "Railway Engineer," and Goss definitely state
this; Clark, Geisl-Geislingen, Legein, and the Altoona reports clearly
imply it.
(3) The fact that air flow is a much better criterion for the study
of front-end performance than draft is stated by Zeuner and recog-
nized in the Altoona tests, though the latter actually used drafts for
all comparisons. That air flow is the determining factor is also ac-
cepted by Nozo, Troske, and Legein, who provided constant air inlets
in their models and were thus justified in using draft as a criterion,
and who in some cases set up formulas for determining the air flow
after the draft was known. The final formulas of Geisl-Geislingen,
Strahl, Legein, and the calculations of the "Railway Engineer" are all
based on air flow with draft subordinate or virtually ignored. The
Purdue tests were run with oil fuel, making draft a fair basis for
comparison.
(4) That draft varies with the exhaust pressure for a given front-
end arrangement is stated by Clark, Zeuner, Troske, and Legein, and
implied by Nozo. Against this, Goss states that the draft varies with
the quantity of steam exhausted, hence about with the square root
of the pressure.
(5) Clark alone is certain that there is a best stack for any boiler
and a best nozzle for any stack, though Nozo agrees on the first point
and with Goss says that after the proper design is found it will be
satisfactory for any rate of working. Troske denies both points,
claiming (and showing) that there is a wide range of design possibili-
ties which will secure the best performance from any boiler, various
stack and nozzle forms being acceptable if properly related by the
distance F. The conclusions of Legein clearly indicate that after a
certain nozzle has been adopted for a given steam output, the opening
should be varied for other rates. In fact, any of the formulas proposed
for design will indicate that the arrangement and sizes giving best
results for one set of conditions are not the same as are required for
other conditions.
(6) On the subject of the best ratio of stack area to nozzle area,
Clark says the best ratio is in the range 4.5 to 7; Zeuner says it
depends directly on the ratio of tube area to nozzle area; Nozo found
in tests a best ratio of 11.5; Troske says the ratio of areas should be
9 for conical stacks; Strahl implies a ratio of 12 to 13; the "Railway
Engineer" implies L/D + 1, where L/D is the ratio of gas to steam by
volume; Legein gives a formula which makes both areas depend on
"temperament" (the inverse of resistance), the Wa/Ws ratio, and the
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ratio of the densities of gas and steam; Geisl-Geislingen makes the
areas depend on assumed densities and discharge rates; the Altoona
tests found the best performance, including the highest draft, for a
ratio of 7.9 'for the areas.
(7) Most of the investigators give absolute diameters of stacks and
nozzles only in terms of design formulas, the nature of which prevents
summarization. These have in part been noted in the preceding para-
graph. Clark places the stack area at %1 the grate area; Troske says
the diameter of a cylindrical stack should be (0.0023R + 0.310)K
where K is the tube area and R the grate area, also that the nozzle
area should be 0.04K.
(8) There is a wide divergence of opinion with regard to details of
the stack form. The tapered stack was favored by Zeuner, the "Rail-
way Engineer," and Troske in general; it was favored by Huygen be-
cause of better discharge conditions at the top of the stack; the
tapered stack was found to give the best results in practically all of
the Purdue tests. The Altoona tests obtained the best results with
a stack of cylindrical extension and very slightly tapered top. Nozo
states that the cylindrical stack is as good as the tapered stack if the
ratio of the stack area to the nozzle area is 10 or greater; Troske shows
the cylindrical stack to be as good as the tapered stack if it is large
enough-20 per cent greater in area than an adequate conical stack;
Huygen found mixing conditions better with the cylindrical stack.
There is no agreement as to the best shape of the base of the stack.
This may be in part due to the fact that, where a conical stack is con-
sidered, a conical base below the choke is generally implied. Troske
says the shape of the base is of no moment provided the entrance is
large enough, but his data show substantially better results for the
stacks with the conical base. The "Railway Engineer" favors a rather
large bell-mouth. Geisl-Geislingen says the shape of the base is un-
important and recommends the frustum of a cone with apex angle
of 60 degrees as a desirable form. Clark, Nozo, Zeuner, and the earlier
Purdue tests used stacks set on top of the smokebox and the method
of attachment probably furnished bell enough. The later Purdue tests
showed important advantages for the large flare, while the Altoona
tests showed the advantage to be in favor of a stack with small F
and small flare when compared with the larger bell of the Master Me-
chanics' stack and a comparatively large F.
Inside stack extensions proved of great advantage in the later
Purdue tests and the Altoona tests. Nozo (considering a front end
without baffle plates) says the inside extension has no effect unless it
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be a harmful one, and the "Railway Engineer" implies the same condi-
tion if the extension is lower than the top row of tubes.
The stack height question is clearly shown by the various discus-
sions to be confused by the theoretical and practical aspects. It is
clear from all of the experimental work that the addition of length
to very low stacks is a great advantage; that there is a height below
which operation is entirely unsatisfactory; also that there is a range
of ratios of height to diameter through which the performance is the
best. This range is given as follows: Zeuner, above three diameters
(and up to 30!); Nozo, 7 to 8 diameters; "Railway Engineer," 4 to 6
diameters; Legein, 6 to 8 diameters. The investigators agree that the
effect of friction cuts down the efficiency for heights greater than the
limits they set. (This merely means that in modern practice, where a
height ratio of 5 is exceptional, the higher the stack the better-the
limit is unattainable.) There is agreement among Troske, Nozo and
Legein that if F can be made large enough, the height of the stack is
of comparatively small importance.
(9) The question of the distance of the nozzle below the base of
the stack (F) is also very much disputed. All agree that the distance
should be such that all of the steam will enter the stack, but there
is a variation in opinion as to the spread of the jet, the estimates run-
ning from 1 in 2.5 to 1 in 5. Nozo says the performance will be poor
if F is less than three times the nozzle diameter; Troske says it should
be made as large as possible up to 1.5 stack diameters. Legein con-
siders the location immaterial if all of the steam enters the stack, but
the general opinion seems to be that the larger the dimension within
this limit, the better will be the result. Clark considers F important
but fails to prescribe any arrangement; the "Railway Engineer" thinks
it important but only as its value favorably or unfavorably affects
the direction of the air currents; Troske considers it vital to have the
form of stack and nozzle selected related to a proper value of F. These
investigators were all concerned with the European construction where
F can be made a large figure, even three or four stack diameters if
desired, and increasing F means increasing the distance between the
nozzle and the top of the stack.
(10) The "Railway Engineer" report definitely states that. the sur-
face of the jet may be broken up with advantage (as by bridging, pro-
jections, etc.). Troske endorses the bridge nozzle as advantageous
where F cannot be made sufficiently large to obtain the best results
from a plain nozzle. The Altoona tests of both series mentioned ob-
tained the best performance from the nozzle with internal projections.
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(11) In their model experiments, Zeuner, Nozo, Troske, and Legein
all used a steady (non-pulsating) flow of steam, or of air in the last
instance, none of these feeling it necessary to justify this procedure.
The "Railway Engineer" states that tests made with non-pulsating
flow give substantially the same results as those with pulsating flow.
Goss justifies the use of steady flow (though the Purdue tests were
not run in this manner) by the statement that the draft varies with the
amount of steam discharged, not with the pressure.
Consideration of the previous work on the front end furnishes
ample reason for the further investigation carried on at the University
of Illinois. None of the investigators used models of adequate flexi-
bility except Symington and Troske, and in the latter case the con-
struction was such that conclusions concerning F and stack height are
of very doubtful value. None of the models presented the air flow
to the steam in the actual manner of the locomotive, and none of them
permitted (as far as can be discovered from the drawings) the actual
observation of the jet in action. Nozo alone used a medium other than
atmospheric air to represent the combustion gases, and the method of
handling the smoke which he used would have reduced the tempera-
ture far below actual front-end conditions. The mathematical investi-
gations of the subject appear to be of comparatively small value; they
are based on assumptions affecting the energy equations (such as per-
fect mixture at the top of the stack) which are scarcely supportable,
and the most rigorous analyses lead to conclusions out of harmony
with actual operating conditions. The most useful information ap-
propriate to American practice is to be found in the Purdue and Al-
toona tests, but neither locomotive used superheated steam or had the
current type of front-end construction.
IV. UNIVERSITY OF ILLINOIS FRONT-END MODEL
24. The Model.-The model used in the University of Illinois in-
vestigation is described in detail in Appendix A, and only its principal
characteristics will be mentioned here. The front end of the United
States Railway Administration heavy 2-8-2 locomotive was repro-
duced to one-fourth scale as to general dimensions, exhaust stand,
nozzles, table plate, deflecting plate, diaphragm, damper, netting, and
stack. The lower part of the "superheater header" (merely an iron
plate in the proper position) is fitted with rods simulating the super-
heater pipes, and thus everything in the front end of the locomotive
is accurately represented in the model, except the steam pipes leading
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from the superheater header to the cylinders. These were not used
because of interference with watching the jet in operation, and the
difficulty involved in making alterations in the front-end arrangement
through the side door with these pipes in place. Both sides of the
smokebox are provided with removable plates to facilitate alterations;
on the working side (the right side of the locomotive) a smaller door
is let into the plate, and either this door or the entire plate may be
replaced with glass or celluloid. A cylindrical shell with tubes extends
from the front end to the "firebox," and into the latter an air duct is
led. Figure 1 shows the main dimensions of the front end which is rep-
resented by the model; the model itself, in original and final form, is
illustrated in Figs. 45a and 45b, Appendix A. Twelve different stacks
were made to fit the model; three of these were cylindrical, and one
was built of one- and two-inch sections so that the total height could
have some twenty-five different values; to another stack, conical sec-
tions to increase the outside extension, cylindrical sections to vary the
inside extension, and eight different flares and skirts could be applied.
The number of possible stack arrangements exceeds two hundred.
Thirty-three different exhaust nozzles were fully tested. In addition
to the runs made with various front-end arrangements, the equipment
of the model was such that it made possible tests to determine the
effect of heating the air, of variation in the temperature of the exhaust
jet, of changing the humidity of the air, of the operation of a pulsator
valve by which the puffing of the exhaust could be simulated, and of
changing the resistance to the entrance of the air into the model,
corresponding to changes in the fire resistance.
For each different arrangement of the front end from four to seven
different exhaust-jet pressures were used, corresponding to an equal
number of rates of steam discharge; the normal number for each series
of runs with a given arrangement was five pressures. When testing
the results of various operating conditions, such pressures were used
as would give the widest possible range of conditions and the most
consistent indications of the effect. Upwards of 3 700 determinations
were made, representing over a thousand different conditions with
three hundred different arrangements. No results were accepted unless
(a) they could be duplicated, or (b) they compared reasonably with
those which might have been anticipated by interpolation. For each
determination there were recorded the arrangement, the exhaust pres-
sure, the flow of steam, the flow of air, the drafts in front of and
behind the diaphragm, the temperatures of steam (at three points),
air, and atmosphere, the wet and dry bulb temperatures as a means of
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calculating the humidity, the barometer reading, and such other in-
formation as might be pertinent to the phase of the investigation in
hand.
25. Original and Final Forms of Model.-As the model was first
constructed the air, before going to the front end, was led over a bank
of industrial-type steam radiators, which gave temperatures as high
as 200 degrees in the front end at low rates of air flow. Practically all
of the tests run with the model in the original form were made with
atmospheric air under the conditions found in the laboratory during
the heating season, the temperature being close to 75 degrees. The
results with the radiators in operation were of little significance-they
varied but little from those obtained with "cold air" as it will be here-
after styled. After the model had been dismantled to facilitate another
investigation, it was rebuilt as shown in Figs. 45b and 46 with the
possibility of using either cold air, or of heating it over a large gas
burner placed in the firebox; this burner permitted the attainment of a
temperature of 700 degrees with a flow of 3000 lb. of air per hour. In
order to ascertain that the results from the model in the original and
final forms, respectively, were the same, a series of cold air tests were
run on the rebuilt model with front-end arrangements which had been
fully tested on the original model, and with the necessary changes
in resistance made to equalize the results.
26. Objections to Use of Model.-Three objections to the use of
the model must be met: (a) the question as to the value and applica-
bility of model data; (b) the objection to the use of cold air for com-
paring the merits of various front-end arrangements; (c) the objec-
tion to the fact that most of the tests were conducted with a steady
rather than a pulsating flow of steam.
With regard to the first objection it may be said that from the in-
ception of the work there was little idea that quantitative data could
be produced-that is, data that by the use of any simple combination
of scale factors could be made to correspond with that which would
have been secured from the prototype locomotive. It has been the
purpose rather to develop the laws of the action of the front end, and
for this purpose the model is applicable. Models have become essen-
tial to research work in hydraulics, and problems which would other-
wise have involved the experimental expenditure of millions have
been solved satisfactorily; quantitative as well as qualitative data
having been secured with regard to the action of flood control works,
river detritus, etc. The idea of the model for the purposes of the
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present investigation goes back to the experiments of Zeuner before
1860, and other notable investigators have followed his lead (see
Chapter III). The Ljungstrom Company has made extensive use of
models in the development of the design of their turbine locomotives.
In the case of the present investigation, it is important to note that
by the application of the laws of similitude, satisfactory correspond-
ence is found between the results obtained from the model and those
from a comparable locomotive, the relation being developed later in
this chapter.
The second objection deals with the use of cold air, and of course
disappears for those tests run with heated gases. The difference in per-
formance between the cold air and hot gas tests for conditions other-
wise identical is shown and explained in Chapter VI. The nature of
this difference is such that there can be no doubt that the relation
shown with only slight variations must exist between all tests with
cold air and tests with hot gas on the same front-end arrangement,
and otherwise identical conditions. Hence the cold air tests are as
suitable for the study of the laws of action as are the hot gas tests.
Practical advantages of the cold air tests of importance in securing so
large a body of data were the simpler technique, the much greater
volume of dependable results which could be obtained in a given time,
and the fact that the hot tests resulted in some deterioration of the
model, including a slight variation in internal resistance as the tests
progressed; the latter did not prevent accurate comparisons being
made between successive cold and hot tests of the same front-end
arrangement, but weakened somewhat the comparison between hot
tests of varying arrangements. The making of any such series of de-
terminations as were made with cold air would have resulted in the
necessity of rebuilding the model three or four times, with inevitable
uncertainties as to the true comparability of the results.
The third objection has to do with the pulsation of the steam flow.
This objection, like the previous one, disappears for those tests in
which the pulsator valve was employed. This was one of the questions
studied in the cold air tests; tests were run with the flow of steam con-
stant, and with the pulsator valve operated through as wide a range
of speeds as was possible with the power available; tests were also
run with the pulsator speed constant and the flow of steam varying
through a wide range. No difference within the general accuracy of
the data could be found between tests with the valve inoperative and
with the valve running at any possible speed, provided the average
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rate of steam flow was the same. The conclusion that the effect of the
pulsation is negligible is in harmony with those of all previous model
investigators from Zeuner on; with Goss, who positively states that if
the speed of the locomotive is high enough so that there is always
steam in the stack, the pulsation rate is without effect, and with other
investigators down to G. W. Armstrong, who sets up an excellent case
for standing tests of locomotives as a means of determining front-
end performance, steam being supplied to the front end by means of
blocking the piston valves open.*
27. Relation Between Test Data from Actual Locomotives and Re-
sults from Model.-The most satisfactory series of tests on which to
base this comparison are those of the Pennsylvania locomotives L-1-s
and K-4-s referred to on page 15. These locomotives had almost iden-
tical boilers and front-end arrangements, the only variation of any
possible effect being a slight difference in the stack height. The general
arrangement is closely approximated by the model when set up with
the No. 4 stack and the 1~4 Y nozzle. The main dimensions are as
follows:
Model, X 4 Locomotive
Diameter of the front end, in. .......... . . . . .. 88 82
Distance from table plate to bottom of smoke-
box, in................... ... .......... 26 25
Top of the nozzle to bottom of stack (F), in.. . . 17 1312
Diameter of stack at bottom (choke), in....... 1712 17
Diameter of flare, in ........................ 26 24
Height of stack, in ......................... 54 66, 70
Outside extension of stack, in ................ 17 22, 26
Taper of stack ............................. 1 in 8 1 in 10
Nozzle .............................. . . 7 in., plain 7% in.,
Goodfellow
N ozzle area, sq. in................. ......... 38.1 38.3
The data furnished by the bulletins reporting the locomotive tests
and the method of determining the rate of gas flow have been previ-
ously mentioned (see final paragraphs of Chapter II). In Fig. 8 the
data for the tests of the two locomotives are plotted, the relations be-
tween exhaust pressure and steam flow per hour, gas flow and steam
flow per hour, and draft and gas flow per hour being shown. There is
no possibility of drawing separate curves for the two locomotives, and
a single curve representative of each relation is therefore drawn. The
relation between the steam discharged and the temperature of the
*"Standing Tests of Locomotives," Proceedings of the International Railway Fuel Association,
(1930), p. 172.
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front end
letins:
FiG. 8. PERFORMANCE OF K-4-S AND L-1-s LOCOMOTIVES
may be summarized as follows from the data of the bul-
Front-End
Steam Per Hour Temperature
lb. deg. F.
22,000 ................................. 460
33,500............... ................ . 520
40,500...................... ......... . 550
47,200 ................................. 580
53,200 ................................. 610
59,000 ................................. 640
This relation is required in converting the results from the model for
comparison. A method of making this conversion will now be estab-
lished.
In the relation between prototype and model the several conditions
of similarity must prevail, geometrical, mechanical, kinematic, etc. In
comparing the dimensions of the two, all dimensions and character-
istics of the locomotive are represented by capital letters, and those
corresponding to the model by small letters; the scale of the model is
"s," which in the case under consideration is 1/4.
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(1) Geometrical similarity: all linear dimensions must be in the
scale relation, hence for length, area and volume, Ls = 1, As2 = a,
Vs'7 V.
(2) Mechanical similarity: if the same materials are used in the
model and prototype, since Vs 3l v, for the mass Ms3 = m, and also,
since it is assumed that both model and prototype are operated on the
surface of the earth and therefore are subject to the same accelera-
tion of gravity, for the weights, Ws3 = w.
(3) Kinematic similarity: this requires geometrical similarity of
motion at corresponding times. The relation between corresponding
intervals of time between the prototype and model may be deter-
mined by means of the "free fall" formula. Since T = V2H/g and
t = '2h/g, and the g's are identical, we have T/t = VH/h; but
h/H = s, hence t/T = V/ s or TV/ s = t. Hence, for the model
used, the corresponding time interval is of half length. From the
foregoing the relation between velocity for the prototype (V) and
model (v) is found as follows:
V = LIT V Lt Vs 1
hence - - =
v = 1/t v IT s Vs
and V /s = v
That is, the corresponding model velocity is half that of the prototype.
Since the acceleration A/a = Lt/lT2 = V/s/s = 1, the acceleration
in model and prototype are the same.
The foregoing relations fix two important compound relations:
Pressure per unit area: (note that P and p correspond to weights)
P/A P X a P As' 1
p/a p X A Ps' A s
and (P/A)s = p/a
Discharge per unit of time:
Wd/wd = (L 3 + T)/(lP t)
L3  t L TV/ 8 s
- X = - X -- s-13  T L~s3  T s3
That is, a pressure of one pound per square inch in the front-end
model corresponds to a pressure of 4 lb. per sq. in. in the locomotive,
and a discharge of gas or steam of one pound per hour in the model
corresponds to 32 lb. per hr. in the locomotive.
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TABLE 3
MODEL TEST RESULTS CONVERTED TO LOCOMOTIVE CONDITIONS
Model Exhaust Pressure, lb. per sq. in.
1 2 3 4 6
Locomotive Exhaust Pressure, lb. per sq. in.
4 8 12 16 24
Steam flow, lb. per hr ...................... 860 1250 1600 1870 2500
Cold air flow, lb. per hr .................. .. 2490 3300 3840 4380 4850
Draft in front of the diaphragm, in. of water.. 1.4 2.6 3.4 4.4 5.3
Assumed temperature corresponding to steam
output deg. F......................... 450 490 530 580 630
Reduction factor from cold air to hot gas flow 11.4% 14.2': 16.0%', 18.9'/, 22 7',
Corresponding hot gasa flow, lb. per hr........ 2200 2830 3250 3560 3800
Corresponding draft, in. of water............ 1.2 2.0 2.6 3.2 3.6
Steam flow, X 32 .. . ...... ......... 27,500 40,000 51,000 60,000 80,000
Airflow, X 32 .. .. 70,400 90,600 104,000 114,000 121,000
Draft, X 4 .............. ........ . 4 8 8.0 10.4 12.8 14.4
When the operation of the model involves fluid flow, another
form of similarity must exist in order that the data may be quantita-
tively valid. The flow of each element in the fluid of the model must
be the same as that of the corresponding element of the prototype;
that is, if there is stream line flow in one case and turbulent flow in
the other the results are obviously not comparable. However, in the
present instance the velocities are too high for simple stream line flow
to exist in either prototype or model, and this fact is known in both
cases from actual observation.
The actual comparison of data from model and prototype may
now be made on the basis of the similarity factors found. Table 17
shows the performance for cold air flow of the 1 4 Y nozzle with the
No. 4 stack; Table 16 shows the steam flow for this nozzle; the draft
is found to be related to the air flow for the cold air tests by the ex-
pression W. = 2100 V/d, and for the tests at 630 deg. F. the constant
is 2000 in place of 2100. In Table 8 are given reduction factors for
converting cold-air flow to hot-gas flow. All of these factors are
combined in Table 3 to produce the figures for the performance of
the model under the conditions of the temperature corresponding to
the locomotive, and the results are finally multiplied by the proper
scale constants to make them analogous to those from a corresponding
locomotive.
In Fig. 9 the data for the locomotive and the model, the latter
treated as described, are plotted for comparison. The curves for the
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FIG. 9. COMPARISON OF MODEL DATA VWITH RESULTS FROM LOCOMOTIVE TESTS
locomotive are drawn (in Fig. 8) ignoring fairly considerable increases
in the gas flow at very high rates of firing, these being secured with
no increase of draft, indicating a decrease of resistance, that is, opera-
tion with the fire-door open. In comparing the steam flow, the model
and prototype show the similarity to be anticipated. The relations for
gas flow and draft show the same general form for locomotive and
model, but do not compare closely in actual values. This is explained
by the difference in resistance of the locomotive and model. The re-
sistance through the latter could be altered at will and it would have
been possible to have decreased the opening in the air duct in such
a way as to have increased draft and reduced air flow to a point which
would have made these curves practically coincident with those of the
locomotive. A constant of 1750 in place of 2000 in the draft-air-flow
equation produces this effect; this constant would be obtained by the
use of a choke of about 51/2 inches diameter in place of the standard
six-inch orifice.
The purpose of this comparison is to show that the results from
the model can be very definitely related to those secured in the actual
locomotive tests where the air flow is susceptible of fairly accurate
determination from the flue gas analysis. It is not proposed, however,
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to carry this type of comparison further, or to attempt to predict the
performance of any given front-end arrangement; this would be unsafe
unless it were possible to make the great number of other adjustments
in the model front end to have it correspond with sufficient accuracy to
the actual locomotive. The purpose of the investigation is served
when the relative merits of the arrangements which can be made with
the existing model have been determined, it having been established
(as will be done in order) that (a) the use of the pulsating valve
produces no difference in performance; (b) the use of cold air for
convenience in experimental work involves no error in the relative
merits; (c) variation in the resistance of the model has no effect on
the relative merits, since this resistance, having been established by
the use of a given choke, establishes a constant relation between air
flow and draft for all arrangements used with it.
28. Methods of Classifying and Presenting Model Test Data.-In
the study of the performance of the draft-producing devices there are
two general classes of variables to be considered:
(1) Those dimensions and proportions of the locomotive itself
which affect draft action. These include the height and shape of the
stack, the form and size of the nozzle, the distance between the nozzle
and the bottom of the stack (F), and all dimensions and arrangements
which contribute to the resistance to the passage of gas through the
ashpan, grate, firebox, tubes, and front end.
(2) Those conditions resulting from, or incidental to, operation:
speed (in relation to the pulsation of the exhaust jet), steam flow, air
or gas flow, draft at various places in the front end, back pressure (or
pressure at the'throat of the jet, better termed exhaust pressure), tem-
perature of the steam exhausted, temperature of the products of com-
bustion in the front end, the resistance of the fire bed to the passage
of gas, and the moisture in the atmosphere or products of combustion.
With such a list of variables it is necessary to select certain basic
conditions, and study the variations in performance when one or more
of these is altered. The variables of the first group are set up by modi-
fications in the machine (locomotive or model) and can be varied at
will, but in general only while the machine is not working. In loco-
motive operation the variables of the second group are determined by
atmospheric and operating conditions and can be controlled only to a
small degree; in the case of the model, these variables are practically
at the will of the operator. The conduct of a single determination or
run on the model is analogous to the operation of the locomotive
A STUDY OF THE LOCOMOTIVE FRONT END
under certain fixed conditions (as a locomotive is operated on the test
plant). A series of runs on the model determines the various factors
for different exhaust pressures or rates of steam flow, analogous to the
data taken over a long locomotive run where there is a considerable
variation in power developed, and full records of conditions are kept
for several different rates of output. For more exact simulation, the
diameter of the choke in the air duct might be varied slightly to cor-
respond with the increased fire resistance normally encountered with
high rates of steam discharge; however there is no available informa-
tion to govern any such program of variation. Nothing is lost in the
comparison of the operation of the model with varying front-end ar-
rangements and a constant choke diameter, since the effect of the
choke variation is separately determined. All of the tests concerned
specifically with the effect of variation in the front-end arrangement
were conducted with a standard choke diameter, and with a variation
in exhaust pressures as indicated, and these will be the subject of the
following chapter, reserving to Chapter VI the study of the tests
representing variation in operating conditions.
The following conditions of the first group were taken as standard:
The stack of standard height and flare corresponding most nearly
to that on the prototype locomotive, herein designated as stack No. 1;
this stack has a diameter of 4% in. at the top, and of 4% in. (nominal)
at the bottom; the total height is 13% in., and the flare at the base
has a radius of 1 in. and an outside diameter of 61 in.
A plain circular nozzle of 1% in. diameter, 1% in. high, herein
designated as the 1%Y nozzle.*
Distance from the nozzle to the bottom of the stack (F), 4% in.
Opening in the air duct choke, 6 in., previous to rebuilding; after
rebuilding the opening was reduced to 5.8 in. to secure equal resistance.
The following conditions representing those normally found in the
laboratory during the heating season were taken as standard for the
variables of the second group:
Air temperature, 75 deg. F.
Air pressure, 29.40 in. of mercury.
Relative humidity, 40 per cent.
Steam was delivered to the model from the main power plant at a
pressure of from 120 to 140 lb. per sq. in., and a quality of 97 per cent.
The choke area, which in part is an operating variable, has already
been mentioned. The variation in exhaust pressure as a part of the
tests of variables otherwise in the first group has also been referred to.
*See Appendix A for full descriptions and drawings.
ILLINOIS ENGINEERING EXPERIMENT STATION
0 2
(a)- Genera/ Form of
s- Ws -W7 Ae/e'lio
W 000 /600 I/200 800 4
2000
4000
-"/II'A4,
-7
7
4 6
wstz~,
-4/.
a;
tZ~ ~
tt~ '~Ž.
(b)- W, ar'7 S/ow On / 4- WV P/of
\
w __ ^
- -- -- - -. '< <; -- - 0000
IV _- .ZýZ- 4000O--- ^ ^ - -..
(c)-Ra/o 0 Sho' • oWn 07 W,-Ws P/o/0
FIG. 10. METHODS OF PRESENTING MODEL TEST DATA
In the above figure P, = steam pressure, lb. per sq. in.
di = draft in front of diaphragm, in. of water
W- = weight of steam discharged, lb. per hr.
Wa = weight of air moved, lb. per hr.
For reasons explained previously, the arrangement tests were run
with air at atmospheric temperature and with steady, non-pulsating
steam flow. For a given arrangement and standard jet conditions,
there are four main variables to be evaluated:
Jet pressure, in lb. per sq. in. (P,)
Weight of steam flowing per hour, lb. (W,)
Weight of air flowing per hour lb. (Wa)
Draft developed, in inches of water (d)
For any choke diameter, and hence fixed resistance through the model,
there is a definite ratio between the two drafts measured ahead of and
behind the diaphragm; for the choke sizes used the draft ahead of the
diaphragm is 40 per cent larger than that behind the diaphragm, hence
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one of these may be eliminated, and the larger draft is retained. The
variables Ps, Ws, IV, are represented as the three projections of the
space curve relating them as shown in Fig. 10a. The draft developed
may be shown in the same figure on account of its fixed relation to
the air flow. It is only necessary to add another scale to the P,-Wa
curve as shown in Fig. 10b in order that the draft may be read in
relation to the other two variables. Still another relation of great in-
terest, the ratio Wa/W,, can be shown in the Wa-W, curve by means
of drawing lines radiating from the origin for convenient values of this
ratio, such as 2, 2.5, 3, etc.; this is shown in Fig. 10c. Where com-
parisons are made in which the nozzle does not. vary, a simplification
of the general plot is used, employing only the Ps-Wa section. Here
the steam flow may be added as an ordinate since there will then be
a fixed relation between WI, and Ps. The general form of the space
curve relating Ws, Ps, and WT is of interest, and is shown in isometric
form in Fig. 10d, the data used being those for the standard nozzle and
stack, with exhaust pressures of 1, 2, 3, 5 and 8 lb.
V. MODEL TEST RESULTS FOR VARIOUS FRONT-END ARRANGEMENTS
29. Front-End Arrangements.-A "front-end arrangement" as herein
considered means the use of a certain stack, a certain nozzle, and, if
with this combination there is a possibility of varying the distance F,
this dimension also must be defined. In the tests made to study the
effect of front-end arrangement, no alterations were made in other
parts of the apparatus but the nozzle and stack, except in trials to find
the effect of varying the choke in the air-duct, which is analogous to
a firebox rather than a front-end variation. Of the thousands of pos-
sible arrangements, three hundred were set up and tested by being
given one or more series of runs with varying pressures. The only
variable in these tests which simulated variation in operating condi-
tions was the change in exhaust pressure, entailing variation in steam
discharge and air flow; there were two reasons for this pressure varia-
tion, in addition to the obvious importance of an understanding of the
effect of the variation itself: first, in order that each arrangement
might be represented by data for several output rates, making it pos-
sible to compare curves in place of merely points, and to make it clear
whether the relative merit of various devices might not vary at differ-
ent outputs; second, in order that the policy of basing no conclusions
whatever on the results of any single determination might be the better
carried out, and to stamp erratic individual determinations as such.
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30. Nozzle Tests.-There were fully tested thirty-three nozzles,
consisting of ten groups, which are illustrated in Figs. 52-53, Appendix
A. There were two nozzles which occupied places in two groups, hence
the performance curves account for 35. There were also eight addi-
tional nozzles not fully tested. The letters designating the groups of
nozzles have been arbitrarily selected; the numbers or other symbols
used in the designation show the characteristic size or may give a clue
to the form. Each group is briefly described in the following pages in
connection with the first discussion of its performance. The schedule
of nozzle tests included 23 different nozzles with the No. 1 stack, 25
with the No. 2, and 25 with the No. 3; 16 were used with all three
stacks, 8 with two of the three, and the remainder with but one, though
some of these others were also tried with several other stacks.* For
the purpose of stack comparisons, a selected group of eight nozzles
was tested with eight other stacks.
The first series of nozzles to be considered are those designated as
the Y's. These have a height of 1% in., a diameter at the bottom of
2.42 in., equal to the diameter of the top of the exhaust stand, and a
range of top diameters of from % to 17/ in.; the smallest and largest
proved impracticable; the 1-in. size was used only for a few deter-
minations at a higher pressure range than usually used; the remaining
five, of diameters 1%, 1%, 1%, 1%, and 1% in. respectively, are the
important members of the group, and the "1%Y" is used as the
general standard for comparison. Tests of these nozzles obviously in-
clude both the effect of varying the outlet diameter, and of the taper
in the channel, but tests of the W-series nozzles later described will
show that the taper effect is negligible, if even measurable.t
The curves of Fig. 11 show the following relations for the Y-series
nozzles (excluding the %- and 1 %-in. sizes): jet or exhaust pressure
and flow of steam per hour (P,-Ws), exhaust pressure and flow of
air per hour, (Ps-Wa), and flow of steam and flow of air (W,-Wa).
In addition, the ratio lines for Wa/W, = 2 and 3 are drawn on the
Wa-W, plot. The draft in front of the diaphragm is related to the
air flow by the equation Wa = 2100 V/. The curves are plotted from
the data for the No. 1 stack (see Fig. 47, Appendix A), with 4 % in.
bottom and 4% in. top diameter, a total height of 132 in., and
F = 41% in., the standard distance. Tests of these nozzles with
other stacks are presented in the stack-test section following.
*Appendix B shows the complete schedule of combinations tested.
tIn a comparison run made for the purpose, the diameter of the steam jet at a point 8 inches
above the nozzle was found not to be measurably different for the 1 2 Y nozzle and the 1 2 W, thelatter having the same diameter at the bottom of the channel as at the top.
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FIG. 11. TESTS OF Y AND W SERIES NOZZLES WITH No. 1 STACK
The performance in terms of air flow, steam flow, and steam pressure is shown for six
Y and four W nozzles.
ILLINOIS ENGINEERING EXPERIMENT STATION
The plot shown in Fig. 11 is made from the averaged values of
all valid data for these combinations, these averages representing a
number of determinations which will be found in Appendix B, and the
averages are tabulated for reference in Tables 16 and 17. The 1%Y
steam curves represent the average of over 100 determinations, as this
arrangement was repeatedly set up and tested as a check on the general
performance of the model. For the other sizes, from four to ten series
of runs each are represented in the averages, or from 15 to 25 deter-
minations each, except for the 1Y where but two series were made,
with pressures up to 18 lb. as against a usual maximum of 8 lb. The
air flow curves represent in general a larger number of determinations,
as the steam meter was not installed when the model was recon-
structed, the data previously obtained having been regarded as fully
adequate to determine the rates of discharge for all of the nozzles,
representing over 2300 determinations. The Wa-W, curve is developed
from the other two relations, not from the original data.
The curves for the various nozzles place themselves at intervals in
the plots which are satisfactory, the spacing for both the steam and
air-flow relations being quite regular. There are no intersections in
this series. The relation between the size of the nozzle and the steam
discharge for any given pressure is indicated by the following data:
Nozzle Area Flow of Steam
Diameter Area per cent of Flow of Steam per cent of
in. sq. in. 1 VY (P, = 3) 1 2 Y
1 0.7854 44.4 500 43.5
1 Y 1.227 69.5 800 68.0
1Y 1.489 83.6 980 85.0
1 2 1.766 100.0 1150 100.0
1% 2.080 117.0 1330 115.6
1% 2.403 140.5 1570 136.8
It will be seen that the flow relation and the area relation to the stand-
ard nozzle are very nearly the same for all sizes; in other words, the
flow is almost precisely that which would be expected from the area
ratio.
The relation of the Wa-W, curves to the lines of constant ratio is
of interest. Disregarding the 1Y as impossible as a nozzle for the pro-
totype engine, the range of values for the entire group decreases from
2.5-3.5 at low rates of discharge to 2.0-3.0 at high rates. These ratios
are a convenient measure of practical efficiency; the main criterion by
which any set of draft appliances must be judged is that of a sufficient
air supply for the fire. As a real measure of efficiency in terms of
work done to work available this ratio is not strictly satisfactory,
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however. This may be illustrated as follows: for the 11/2Y nozzle the
following data were obtained:
Exhaust Weight of Weight of
Pressure Draft Steam per Air per
lb. per in. of Hour, Hour,
sq. in. water lb. lb. Wa/W.
1 0.8 650 1950 3.00
8 4.5 1950 4360 2.25
The specific volume of the steam at 1 lb. pressure is about 26.0 cu.
ft. per lb., allowing for the superheat usually found in the jet; at 8 lb.
it is 19.0 cu. ft. per lb. The area of the nozzle being 0.0122 sq. ft., the
velocities at 1 and 8 lb. pressure, respectively, were
650 X 26.0 . (0.0122 X 3600) = 385 ft. per sec.
1950 X 19.0- (0.0122 X 3600) = 844 ft. per sec.
The corresponding mechanical energy per pound is 2310 ft. lb. for
1 lb. pressure, and 11 130 ft. lb. for 8 lb. One pound of air at 75 deg.
F. and 29.4 in. pressure has a specific volume of 13.5 cu. ft. per lb., and
one inch of water corresponds to a pressure of 5.205 lb. per sq. ft.,
hence to raise one pound of air against a draft of one inch of water
requires 5.205 X 13.5 = 70.26 ft. lb. of work. The useful work done
per pound of steam in the two cases was
(at 1 lb.) 3.0 X 0.8 X 70.26 = 169 ft. lb.
(at 8 lb.) 2.25 X 4.5 X 70.26 = 712 ft. lb.
and the efficiencies are therefore 169/2310 and 712/11,130, or 7.3 and
6.4 per cent, respectively. That is, the Wa/WW ratio is roughly one-
third of the efficiency percentage, but the variation is not quite propor-
tional.
Goss* proposed as a criterion of efficiency the ratio of draft to
exhaust pressure, which bears some resemblance to the Wa/W, ratio.
It has been stated that Wa = 2100 -/d, hence d = (Wa/2100)2. It is
found in these tests that the discharge of steam varies closely with
the square root of the exhaust pressure, and, using the proportionality
factor n, W, = nV/P,, hence P. = (W,/n) 2. Therefore the Goss
ratio
d J W - n
P, W, - 2100
*"Locomotive Performance," p. 232, footnote.
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Now n varies with the nozzle diameter; also the 2100 constant is only
valid for a certain definitely fixed resistance through the fire and tubes,
though it probably does not vary widely. The Goss ratio therefore
represents a definite multiple of the square root of the WO/Ws ratio for
a given nozzle, and a given resistance; it is not a valid comparison be-
tween nozzle tests, nor when the resistance varies, which it obviously
does where coal is fired.
The high value of the WI/W8 ratio is a matter of interest and im-
portance. Note, for example, the following conditions:
Nozzle Exhaust
Diameter Air Flow Steam Flow Pressure
Case in. lb. per hr. lb. per hr. lb. per sq. in. Wa/W,
A 1.5 3200 1200 3.25 2.67
B 1.25 3690 1200 6.60 3.08
C 1.5 3500 1360 4.10 2.57
D 1.75 3500 1600 3.00 2.19
As between Cases A and B there was an increased air flow and ratio
for the same amount of steam discharged as a result of reducing the
size of the nozzle, but this results in doubling the jet pressure, cor-
responding closely to the back pressure of a locomotive. As between
cases C and D there is an increase in steam flow and a decrease in
ratio for the same air flow, and a 27-per-cent reduction in exhaust pres-
sure as a result of increasing the size of the nozzle; the latter is highly
desirable, but it results in a Wa/W. ratio below the range for satisfac-
tory operation.
The second series of nozzles to be considered is designated as W;
the nozzles of this group have a common opening of 11/2 in. for the
discharge of the steam, but the bottom diameter varies from 1% in. to
2.4 in., the latter corresponding to the exhaust pipe diameter. The in-
dividual nozzles are designated by their bottom diameter, and the
series includes the following: 1%W, 1.7W, 2W, and 2.4W, the latter
nozzle being the 1%Y. Figure 11 shows the performance of this group.
It will be seen that three of the four pass almost identical amounts of
steam, but the 2W gives slightly more at all pressures. In the terms
of air flow the performance is also very similar, all nozzles giving re-
sults so close together that the drawing of separate curves is diffi-
cult. The combination curve shows that the 2.4W-1%Y is the best of
the group by an insignificant difference, and the nozzle with the cylin-
drical passage is the poorest by the same difference. While the nozzle
with the 2-in. base leads in steam flow, the conditions within the jet
are such that the standard nozzle moves almost as much air, and shows
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a slightly better ratio. The entire effect of taper is apparently of very
small importance, so long as the taper is not reversed, and it is clear
that for a given exhaust pipe and for nozzles built with conical chan-
nels, the effect of the varying shape of the shoulder at the base is
sufficient to submerge the taper effect.
The third series considered is the Z group. Each of these nozzles
is 41 in. high in place of 1% in. for the Y and W groups; their general
form in each case is that of a turbine nozzle with 1%-in. chamfered
throat, the steam passage flaring toward the top to the diameter indi-
cated by the designation. The nozzles available for test were as
follows:
Flare Above Throat
(which was 0.4 in. Taper
above the base) or
Designation in. Flare
1.5Z 0 1 in x
1.6Z 0.1 1 in 41
1.7Z 0.2 1 in 20.5
1.8Z 0.3 1 in 13.7
2Z 0.5 1 in 8.2
2.2Z 0.7 1 in 5.9
The performance of these nozzles is shown by the curves of Fig. 12.
It will be seen from the steam curves that there was a change in the
form of the relation between the nozzle with the cylindrical bore (the
discharge for which closely approximates that of the 1%Y) and the
nozzle with the largest flare. The latter passed nearly twice as much
steam at 1 pound pressure, and about 6 per cent more at 8 pounds.
There was probably no significant difference in the steam discharge of
all of the three nozzles of largest flare at all pressures; all of the
nozzles with tapered or flared passage produced practically the same
steam flow at pressures above 4 pounds. The expansion allowed by the
flare made the passage of larger amounts of steam at low pressures
possible, but the effect became unimportant at the higher pressures,
though an advantage in steam flow was maintained at all pressures
used in this investigation. In the air-flow plot there is unmistakable
reversal in the curvature of the lines for the four nozzles of largest
flare, while the 1.5Z and 1.6Z curves retain the normal form. All of the
flared nozzles show more air moved at a given exhaust pressure than
with the cylindrical form, but the ratio curves show the latter to give
more efficient results through practically the entire range. The ratio
results are inferior to those of the Y and W groups, and are so low
in the case of the three nozzles of largest flare as to show them to be
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FIG. 12. TESTS OF Z AND X SERIES NOZZLES WITH NO. 1 STACK
The performance for six Z and four X nozzles is shown.
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FIG. 13. TESTS OF SPECIAL AND ANNULAR NOZZLES WITH NO. 1 STACK
The performance of three S nozzles and three annular nozzles is shown, with curves for
Y nozzles added for comparison.
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of no use whatever. In the low range of pressures the use of the Z-type
nozzle is equivalent to the use of an over-size nozzle of the plain type;
in the upper range the excess steam discharge was not great but it was
still sufficient to reduce the efficiency ratio below the allowable
minimum.
The fourth series of nozzles considered is designated as the X
series. These are all of cylindrical bore, 1% in. in diameter, and have
varying heights as follows: 1%, 3%, 4%, and 6% in. The 1%X nozzle
is the same as the 1/ 2W. The principal characteristic of these nozzles
is the effect they have on the value of F, which is reduced by succes-
sive members of the series from 4% in. to minus one-quarter inch-
that is, the 61/4X nozzle extends % in. into the stack. The plots of
Fig. 12 show the performance of the group. The steam discharge
relation for the four was very similar, but separate curves can be
drawn. The air-flow curves show the benefit of the exposure of con-
siderable jet area to the gases; each reduction of F entails a reduced
flow of air, the 6%X giving the poorest results thus far noted, all pres-
sures above 1 lb. giving a ratio below 2. In view of later findings as
to the relative unimportance of the dimension F it is clear that, in ad-
dition to the reason suggested, another and more powerful one operated
to reduce the air flow; this is evidently the decrease in the total
distance from the nozzle to the top of the stack.
The next group of nozzles to be considered are three representatives
of special forms in common use, designated as S nozzles. The "bridge"
nozzle has a circular opening approached by a conical channel, with
a %-in. bridge across the opening; the net area is 1.87 sq. in., cor-
responding to that of a circular opening of 1.54-in. diameter. The
Pennsylvania is 1.7 in. in diameter, and has four internal projections
presenting wedge-shaped obstacles to the steam flow; the net area is
1.91 sq. in., corresponding to that of a plain circular opening of 1.56-in.
diameter. The pepperbox has four circular openings of %-in. diameter,
thus corresponding to a plain 1%-in. circular opening. This does not
correspond exactly to any nozzle now in use* but is intended to repre-
sent the general class where fairly effective breaking up of the jet is
desired. All of these nozzles have been developed on the theory that
the entrainment and frictional action of the steam is increased by
increasing the outside surface of the jet. The performance of the three
nozzles, with that of the 1%Y nozzle also shown for comparison, is
indicated by Fig. 13. All of the three S nozzles pass slightly less steam
*The "Viloco" nozzle has the same arrangement of openings, but having individual exhaust
passages connecting each of these to one end of each steam chest is fundamentally different in operation.
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than the plain circular nozzle, though the differences are only of the
order of five per cent. The air-flow curves are all similar and lie close
to (and on both sides of) that for the 1%Y nozzle; the ratio curves
show a slight superiority for the bridge and pepperbox nozzles for all
pressures. As tested with this stack there is not any wide variation in
performance, though all show consistent advantage over the plain
nozzle.
One further group of nozzles was tested with the No. 1 stack. This
"group" in reality consisted of a single nozzle having an opening com-
posed of six segments of a circle. The separating walls were so nar-
row (1~ in.) that, after a circular center plate of any desired diameter
had been attached, the opening was practically an annulus. This type
of nozzle has three points which are considered advantageous: (a) if
no work is done by the cone of steam at the center of the jet, which
has the highest temperature and highest velocity, this nozzle should
show an important advantage in the breaking up of this cone; (b) if
splitting the jet in order to increase its perimeter is advantageous, this
nozzle should show useful gains in performance; and (c) the ease with
which the center plate may be changed and the effective size of the
nozzle adjusted is a convenience. The following table shows the di-
mensions of this nozzle with the various plates available:
Diameter of Net Area of Diameter of Circle
Plate, Openings, of Equal Area,
Designation in. sq. in. in.
A None 3.44 2.09
1A 1.00 3.16 2.01
1.25A 1.25 2.74 1.90
1.5A 1.5 2.39 1.74
1.77A 1.77 1.77 1.50
2A 2.0 1.30 1.29
With the 1-in. plate and without a plate the spread of the jet was such
that the air-steam ratio fell below 1.5 and complete tests were not
made. With the 2-in. disc the steam discharge was too small to be of
interest, and tests with this arrangement were also not completed.
Complete tests were made with the three intermediate sizes, and the
results are shown in the curves of Fig. 13, with those from two Y
nozzles added for comparison. In the steam-flow curves the result of
"torturing" the jet was very evident; each nozzle of the series passed
about the same amount of steam at a given pressure as a Y nozzle of
% in. smaller equivalent diameter; the 1.77A with area equal to the
1%Y passed less steam at all pressures above 2 lb. than the 13%Y, for
example. The most direct comparison of air flow can also be made for
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FIG. 14. TESTS OF Q AND T SERIES NOZZLES WITH No. 3 STACK
The performance of three Q nozzles and three T nozzles is shown, with curves for Y
nozzles added for comparison.
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this pair of nozzles; the 1%/Y moved slightly more air at all pressures,
and showed a better ratio curve through the entire range of operation.
Further inspection of the ratio lines shows that the 1.25A and 1.5A
nozzles lie entirely outside of the useful range, and it may be safely
concluded that there are no advantages to be expected from the use of
this type of nozzle with the present stack. The group is further con-
sidered in the "Special Arrangements" section of this chapter.
All of the foregoing nozzle tests were made with the No. 1 stack,
and it is natural to assume that widely differing performance may be
secured with other types of stack. However, it has been found almost
without exception that a good nozzle was good with all stacks; that
is, for any stack all of the nozzles will be found in the same general
order of merit, and the converse is true of the stacks; ultimately, the
combination of the nozzle which shows the best results with the largest
number of stacks and the stack that shows the best results with the
largest number of nozzles will give the best possible performance. This
seems perfectly obvious, but it is in direct contradiction to the com-
monly-held idea that there are certain more or less magical combina-
tions to be discovered that are far superior to others having only
minor differences in proportions.
It was felt that the No. 1 stack was not as large in diameter, es-
pecially at the top, as it should have been according to the best cur-
rent practice, and an even fuller series of tests was consequently run
with the No. 3 stack. This has all dimensions the same as those of
the No. 1 stack, except the top diameter, which is % in. larger, and the
bottom diameter, nominally the same, but actually % in. larger. Per-
formance curves for the Y and S nozzles with this stack are shown in
connection with the stack comparisons. These, as well as the W, X
and Z series, show results of identical form with those obtained with
the No. 1 stack, but with a consistent improvement of performance (in
terms of air flow) of the order of 12 per cent.
Two groups of nozzles were tested with the No. 3 stack which were
not tried with the No. 1, both representative of special tips which have
been advocated from time to time. The "Q" series consisted of three
nozzles: Q1.5L, having an opening of 1.5 in., and a height of 1 in.
less than standard; Q1.53L, similar as to height and opening, but with
the mouth nicely rounded; and Q1.5SM, similar to the 1%Y nozzle in
every respect except that the last inch of the channel is cylindrical.
The performance of these three, with that of the 1%Y nozzle plotted
for comparison, is shown in Fig. 14. As for the steam-flow curves, the
1.5SM nozzle and also the Q1.53L show the effect of the "easy" open-
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ing, while the Q1.5L discharges less steam at all pressures, due to the
sharper edge at the mouth. The air-flow curve for the Q1.5L nozzle
can scarcely be distinguished from that for the 1%Y, the increased
distance to the top of the stack balancing the slight decrease in the
steam flow; both of the other two nozzles showed slight increases in
air flow over that for the 1%Y, increases roughly proportional to their
increased steam discharge. These are all good nozzles, as indicated by
their ratio curves, but none of them shows pronounced superiority.
The second group to be noted is designated as the T series: this in-
cluded three nozzles designed to produce violent agitation in the jet.
They may be briefly described as follows:
T1.5K, opening 1.5 in., with 2.4 in. cylindrical passage sharply
curving to form a knife-edge at the circumference of the opening.
T1.42H, opening 1.42 in. with a sharp hook-like edge projecting
down into the steam passage-a "hook" nozzle.
T1.74H, similar except for the larger opening.
The performance of the three nozzles of the T series, with that of
the 1%Y nozzle plotted for comparison, are shown in Fig. 14. In steam
flow, the 1.74H nozzle gives results higher than those of the 1%Y, but
lower than those of the 1%Y; the T1.5K nozzle shows a steam flow
only slightly larger than that of the 1%Y, and the T1.42H gives a
flow intermediate between that of the 1%Y and the 1%Y.
The air-flow curves showed for the T1.74H nozzle an increase pro-
portional to the increase in steam flow, so that the ratio curve for
this nozzle is very similar to that for the 1%Y, and it would therefore
be a slightly more efficient nozzle than a Y nozzle of corresponding
size. The T1.5K nozzle showed a smaller flow of air at all pressures,
a slightly smaller steam flow, and a slightly better ratio curve than the
1%Y. The T1.42H nozzle gives a small air flow with an efficiency
curve exactly like that which might be expected from a Y nozzle 1.3
inches in diameter. It is clear that the eddy effect caused by the hook
or knife-edge projection at the mouth of the nozzle resulted in a con-
traction of the actual space through which the steam flowed, to such
an extent as to reduce the discharge materially below that which might
have been expected from the diameter of the orifice, while beneficial
effects are so slight as to be negligible.
The performance of the Y and S series nozzles with the No. 2
stack (cylindrical) is shown in the stack comparisons. Other nozzles
tested with this stack give results so nearly like those from the No. 1
stack that curves are unnecessary. The R series, consisting of two
nozzles with rectangular openings, was tested with the No. 2 stack,
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but not with No. 1 or No. 3. The R1.35S nozzle had a square opening,
1.35 in. across; the RL had a rectangular opening 0.8 X 2.35 in. The
performance of these nozzles is shown in Fig. 15. Both gave fairly
good results, showing efficiency ratios slightly higher than for the
standard nozzle; but, should either have been enlarged to give the same
steam discharge as the standard, the slight advantage would have been
lost.
There were several nozzles available for test on which some work
was done, but which are not included in the foregoing comparisons:
17 Y: the discharge for this nozzle was so large that only four
pounds jet pressure could be maintained with the available steam sup-
ply. The air-flow ratio was very small.
The U series nozzles: these were nozzles with wide flaring chan-
nels. The U1.5R had a nicely rounded throat of 1%-inch dia.; the
U1.625 had the lower opening sharp; the top diameters were 2 and
2.2 in. respectively, with a height of 1% in. Neither of these nozzles
was found useful with any of the normal stacks (or any special stack
tried later) on account of the excessive spreading and "spilling" of
the jet.
There was available a 1.9W nozzle, but the performance of adjacent
members of this series was so nearly identical that it was only partially
tested, and is not shown in the comparisons.
A %Y nozzle was also available, but, with the exception of cer-
tain observations concerning filling the stack and the spreading of
the jet, it was not used.
31. Stack Tests.-The stacks available for test purposes are shown
in Figs. 47-51. They include the following:
Cylindrical stacks of 3%, 4%, and 5 in. diameter (Nos. 5, 2, and 7).
Tapered stacks with bottom diameter (above the flare) the same
as for the three foregoing, with a diameter % inch greater at the top
(Nos. 6, 1,* and 8).
Tapered stacks with bottom diameter of 4% in., and top diameters
of 5¼, 5%, and 6% in., respectively, (Nos. 3, 4, and 9).
The foregoing nine stacks all have the same height (13% in.), the
same value of F (41/4 in.) and the same shape of flare, 2 inches larger
than the bottom diameter.
There are two additional stacks: No. 1B corresponding to the upper
7% in. of No. 1, but normally fitted with a 2-in. flare (increasing the
*Stack No. 1 was intended to reproduce the stack of the prototype locomotive shown in Fig. 1
but actually had almost a continuous taper and a bottom diameter of 4.24 in. instead of 4.375 in.
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FIG. 15. TESTS OF R NOZZLES WITH No. 2 STACK
The performance of two R nozzles is shown, with curves for Y nozzles added for cornm-
parison.
diameter 4 inches), and No. 9B, corresponding to the upper 81/2 in.
of No. 9, and using a flare of the standard form of Nos. 1-9.
In addition to the foregoing there were available a number of
cylindrical and conical sections for inside and outside extensions, and
a variety of flares and skirts as shown in Fig. 48, Appendix A. The
list of arrangements tested is shown in the summary given in Table
15, Appendix B.
(a) Effect of Stack Diameter and Taper
Information for the comparisons to be made in this section is ob-
tained from the curves representing the tests of the five Y nozzles and
the three S nozzles with each of the nine stacks of standard height and
flare, and the two shortened stacks. Figures 11 and 13 have already
shown the results for the No. 1 stack, and the action of each nozzle
with all of the stacks is shown in Figs. 16a to 16h, each set of curves
showing the performance of a single nozzle with all of the stacks. No
steam-flow comparisons being necessary, only the air-flow curves are
shown, but for convenience an ordinate scale of steam flow is shown
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for each nozzle. The curves are plotted from the data of Table 17, Ap-
pendix D, to which later reference will be made.
Considering first the effect of stack diameter alone, the results must
be based on the performance of the three cylindrical stacks, Nos. 5, 2,
and 7, having diameters of 3%, 4% and 5 in., respectively. With the
11/2Y nozzle at 5 lb. pressure the air flow for these three was 3070,
3780 and 3950 lb. per hour respectively, the results suggesting that a
slightly larger stack might have been employed and some further gain
secured. A comparison may also be made on the basis of the three
stacks with 2-in. taper, though this is less convincing since the pro-
portional increase in diameter varies. The three stacks Nos. 6, 1, and 8
(with the same base diameters as the three cylindrical stacks men-
tioned) gave, under the same conditions, air-flow results of 3840, 3780,
and 4000 lb., still showing an advantage for the largest stack. If the
curves for all of the other Y and S nozzles are similarly examined the
order of merit for the cylindrical stacks is always that just given;
for the tapered stacks, the results for the No. 1 and No. 6 are not
usually significantly different, and the No. 8 never fails to give a
better performance.
The effect of taper may be similarly seen. As between the No. 5
and No. 6 stacks, the latter, tapered, is much the better, and there is
also considerable improvement shown by No. 8 over No. 7, though the
latter is obviously more nearly adequate than No. 5. In the medium-
diameter series of stacks (Nos. 2, 1, 3, 4 and 9) the five stacks have
tapers of 0, 2, 7%, 112, and 21V in. in 12 in., respectively, or 1 in co,
1 in 24, 1 in 13.7, 1 in 8, and 1 in 5.7. The performances for each stack
for a given steam flow or steam pressure may be noted from the pre-
ceding curves, or from the tabular summary in Appendix D, Table 17.*
From this table and the curves, Table 4 is abbreviated, showing the air
moved per hour at 1300 lb. steam flow, and at 5 lb. steam pressure for
each of the nine stacks of standard height and for the two shortened
stacks. Taking the figures for 5 lb. pressure, the No. 1 stack is superior
to the No. 2 for six cases where the difference is significant;t No. 3
is better than No. 2 in every case; No. 4 is better than No. 3 in one
case, poorer in five cases and equal in two cases, while it is better than
No. 1 in seven cases; No. 9 is poorer than No. 4 in every case, and
below No. 1 in eight cases, the single exception being that it gives a
good performance (equal to No. 3) with the pepperbox nozzle. Ob-
viously the best taper lies close to that of No. 3 (1 in 13.7), with a
*The figures given in the table are taken from smooth curves plotted to represent the actual data.
+The limit of significant difference is taken as 50 lb. of air flow per hour.
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somewhat larger taper giving good results for the nozzles having jets
of widest dimensions. A ranking can be made for all of the standard
stacks, but this comparison is not fully satisfactory, and a summary
of the tests which gives clearer indications is made possible by Tables
4 and 5. An advantageous stack-nozzle arrangement is one which, for
a given steam flow, results in a small back pressure and a large flow
of air. It is difficult to evaluate the relative importance of the two
factors: a generous air supply is essential to proper combustion, and
high back pressure, while detrimental, is not fatal to operation. In
Table 4, the air flow per hour for each combination for 1300 lb.* steam
flow per hour is shown. In view of the fact that for most coal at least
2.1 lb. of air must be drawn through the fire per pound of coal burned,
and that at a later point in this report it will be shown that there is
about 16 per cent reduction in air flow as a result of heating the gases
to normal smokebox temperatures, it may be considered that 2.5 lb. of
air must be moved per pound of steam in order that a stack-and-nozzle
arrangement may commend itself; hence any air-flow figure of less
than 3250 lb. per hour may be taken as evidence of an unsatisfactory
arrangement. Further, due to the well known variation in performance,
a margin of at least ten per cent seems desirable, which eliminates all
cases showing an air flow lower than 3600 lb. per hour. This leaves
available for further consideration the following combinations:
1%Y nozzle with stacks Nos. 3, 4, 7, and 8
1yY nozzle with stacks Nos. 2, 1, 3, 4, 6, and 8
13%Y nozzle with stacks Nos. 2, 1, 3, 4, 6, 7, and 8
Pennsylvania nozzle with stacks Nos. 3, 4, 7, and 8
Bridge nozzle with stacks Nos. 1, 3, 4, 9, 6, 7, and 8
Pepperbox nozzle with stacks Nos. 1, 3, 4, 9, 6, 7, and 8.
The No. 5 stack and the 13 Y and 1%Y nozzles do not appear in the
foregoing list, and the No. 2 stack appears only with the smallest noz-
zles. There are seventy-two combinations of eight nozzles and nine
stacks; of these two, representing useless proportions, were not run, and
one gave obviously erratic results and the data are discarded; there re-
main therefore sixty-nine combinations. Of these, thirty-four are elimi-
nated from consideration by the 3600-lb. test, leaving thirty-five to
which will be applied the test of the "cost" of air flow in terms of ex-
haust pressure. Table 5 shows the air flow and exhaust pressure for
each of these combinations corresponding to a steam flow of 1300 lb.
per hour. The showing of this table results in further eliminations as
follows:
*This is an arbitrary figure, assumed on account of being within the range of all of the eight
nozzles under consideration.
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TABLE 5
AIR FLOW AND EXHAUST PRESSURE CORRESPONDING TO
STEAM FLOW OF 1300 LB. PER HOUR
Exhaust Air Flow for Stack Indicated, lb. per hr.
Nozzle Pressure
lb. per sq. in. 2 1 3 4 6 7 8 9
1 Y... .............. 3.8 . . 3680 3630 .... 3600 3680 ....
li Y................. 8.0 3900 3860 4200 3840 4150 .... 4000 ....
1 Y................. 5.6 3700 3750 3910 3780 3720 3980 4030 .
Pennsylvania ........... 4.5 .... 3770 3600 .... 3700 3880
Bridge................ 4.2 3700 4050 3800 3750 3900 4080 3600
Pepperbox........ .... 4.3 .. 3630 4150 4350 3700 3950 4250 4100
The 1% and 1%Y nozzles are eliminated, since the 1%-inch size
produces adequate air flow with much lower exhaust pressures. (Note
that the 1% and 1%Y nozzles do not appear in the list on account of
insufficient air flow.)
If any of the three special nozzles has its area increased by an
amount corresponding to about % in. increase in the diameter, the ex-
haust pressure will be brought down to a point comparable to that
with the 1%Y nozzle; at the same time the air flow will be decreased
by about 250 lb. per hour; hence only those combinations in which
the special nozzles are used which show air flow greater than 3850 lb.
are equal or definitely superior in performance to the 1%Y nozzle.
This eliminates the following: the Pennsylvania with stacks Nos. 3,
4, and 7; the bridge nozzle with stacks Nos. 1, 4, 6, and 9; the pepper-
box with No. 1 and No. 6.
There remain as equal or superior to the 1%Y nozzle the Pennsyl-
vania with stack No. 8, the bridge with Nos. 3, 7, and 8, and the pep-
perbox with Nos. 3, 4, 7, 8, and 9. If a further increase in nozzle area
is made, increasing the equivalent diameter two-eighths over that of
the original nozzle, there will be a reduction of the exhaust pressure,
corresponding to the same discharge of steam to about one-half that of
the original, but the air flow will fall off about 500 lb.; hence only
those nozzles which in the original size produced an air flow of 4100 lb.
per hour or greater pass this test: The bridge nozzle with stacks Nos.
3 and 4, and the pepperbox with Nos. 3 and 9 are on the border line,
showing equal air flow to that produced by the 1%Y with the same
stack, but a lower exhaust pressure; the pepperbox with Nos. 4 and
8 shows better air flow with less pressure.
The two shortened stacks may now be brought into the comparison.
No. 1B gave better performance than No. 1 with every nozzle tested,
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FIG. 17. STACK HAEIGHT TESTS, No. 1 STACK
Conical extensions of four different lengths having the same taper as the No. 1 stack,
were added to it; the increase in air flow was remarkable, but any extension greater than 3 in.
represants an impracticable condition in actual locomotive service due to clearance limits.
the results resembling those from No. 3. No. 9B gave better results
than No. 9 in every case except for the pepperbox nozzle, where there
was no significant difference. All nozzles except the two largest Y's
pass the 3600-lb. test with the No. 1B; only the pepperbox and bridge
with the No. 9B give a greater flow than 3600 lb.; none of the com-
binations will stand increasing the nozzle opening except the last two,
which would permit a one-eighth increase, and perhaps two-eighths
for the pepperbox.
From these comparisons the utility of the special nozzles is ap-
parent; it is also seen that the plain round nozzle in its most efficient
diameter is favored by the use of a stack of generous base diameter
and slight taper; the best diameter ratio found is 5:1.5 or 3.33:1. The
jet-splitting type of nozzle is favored by the use of a slightly smaller-
diameter stack and a larger taper, the best taper being about 1 in 10.
(b) Effect of Stack Height
Stack height tests were run on the No. 1, No. 1B, and No. 2 stacks
by means of neatly fitting outside extensions, conical in the first and
second and cylindrical for the No. 2. These extensions permit the ad-
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FIG. 18. RELATION BETWEEN STACK HEIGHT AND AIR FLOW, No. 1 STACK
dition of 13 in. to the standard height of the No. 1 and 1B stacks, and
8 in. to the No. 2, by 1-in. and 2-in. increments. The standard heights
of 13% in. for the Nos. 1 and 2, and 9% in. for the No. 1B represent
an extension of 4% inches above the smokebox shell, and clearance
limitations in practice would rarely permit the taking advantage of
an extension of more than a few inches. In Fig. 17 the results for the
tests of the No. 1 stack are plotted, and in Fig. 18 the same data are
presented in a different form. Similar plots for the No. 2 stack are
shown in Figs. 19 and 20. The conclusions for both cylindrical and
tapered stacks are similar: an increase in stack height, other condi-
tions remaining the same, produces a marked improvement in air flow
and Wa/IW ratio. At the lower rates of steam flow the improvement
is less marked, and in both cases the extensions available for the model
made possible the attainment of the maximum air flow; at the higher
pressures, the performance continued to improve with the added stack
height, and still greater extensions would have given better results.
The results from the tests on the No. 1B stack are so similar that ad-
ditional curves serve no purpose.
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FIG. 19. STACK HEIGHT TESTS, No. 2 STACK
Cylindrical extensions of various lengths added to the No. 2 stack resulted in marked in-
crease in air flow.
(c) Effect of Various Forms of Flares and Skirts
The flare or skirt is a gathering device, placed on the bottom of
the stack to provide an easy entry for the gases which are moved along
by surface contact with the steam jet. There have been two general
types used: the cone-shaped type, herein called a skirt, and the bell-
mouth type, herein called a flare. There were available for the pur-
poses of this investigation three skirts, all having a top diameter cor-
responding to that of the base of the No. 1B stack (4% in.), and bot-
tom diameters of 51, 6, and 7% in., respectively, and these were num-
bered for reference 2, 3, and 4. A cylindrical extension without taper
was tested for comparison, and this is referred to as skirt No. 1. There
were available the following flares:
The large flare, designated as L, with a flare of 2 in. radius.
The small flare (S), with a flare of one inch radius.
The No. 6 flare, 5 in. high, with parabolic cross section, and a bot-
tom diameter of 8¼ in.
The No. 7 flare, 3 in. high, and only slightly belled, the bottom di-
ameter being 5% in.
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In addition, there was available for test a long skirt (71 in. high)
tapering from 41 to 5% in. in diameter, and flared slightly at the
bottom. Drawings and dimensions of all of these will be found in
Appendix A, Fig. 48. All flares, skirts and cylindrical extensions fit
the base of the No. 1B stack. The upper part of the stack is exactly
like stack No. 1, and the stack of the prototype locomotive is repre-
sented by the use of a 4-in. cylindrical extension and the small flare.
By means of the various inside extensions and flares, the stack can
be set up in forty-eight different ways, the distance between the top
of the nozzle and the bottom of the stack having values ranging from
1014 to 2% in. by one-inch increments. It was found by repeated tests
that no significantly different performance could be obtained as be-
tween the No. 2 flare and the No. 3, so in the final analysis No. 2 is
omitted; it was also found that the minimum practical value for F is
3 or 3% in., the performance falling off rapidly for the 2-in. values.
This leaves some 35 different arrangements, practically all of which
(excepting those with No. 1 skirt) were tested repeatedly. In re-
ferring to the stack arrangement, the symbol 1B-( )-( ) is used, the
first parenthesis giving the length of cylindrical extension, the second,
the number of the skirt or flare; for convenience the value of F is
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usually mentioned. No. "1B-O-O" (F 101/4) refers to the stack
without either flare or skirt, and this is considered as belonging to the
same series as those arrangements having the No. 1 skirt. The No. 1B
stack, in its normal condition, as referred to elsewhere in this report,
used the large flare, and is here designated as 1B-0-L. Figure 48 (Ap-
pendix A) shows eight of the possible modifications of this stack.
The confusion of results obtained by previous experimenters was
paralleled by contradictory and inconsistent data obtained from the
preliminary tests to determine the result of varying the form of the
stack base in the present investigation. In order to eliminate all
possible variables and to generalize the results, a series of tests was
run under the following conditions:
(1) The tests were to be run off as rapidly as possible, consistent
with the securing of reliable results.
(2) No part of the apparatus or instruments was to be altered in
any way, except as the necessary changes in the front end were made.
(3) Tests were to be run on days with little wind, and when tem-
perature, barometer and humidity were close to the standard.
It was decided to use two nozzles throughout the series in order
to ascertain whether the results from the two were analogous. The
program was carried out as planned. A period of six consecutive days
of satisfactory weather conditions made possible the running of most
of the tests; two other short periods of work were carried out ten and
twenty days later, variable weather being responsible for the delays,
and tests made in the later periods were fully "controlled" by repeat-
ing tests made in the first period. Three hundred runs representing
46 different arrangements were made, the arrangements and air-flow
data being shown in Table 18, Appendix D. In this table are four
combinations not strictly a part of this phase of the work: stack ex-
tension trials, a test with the No. 4 stack, and the "hooded jet" test
referred to later.
Certain material from the curves resulting from Table 18 is as-
sembled for convenience in Table 6. The stack designations are shown,
together with the amount of air corresponding to a steam flow of 1500
lb. per hour. This air flow may be taken as a general index of the
merit of the arrangement; it corresponds to a steam flow representing
about three-fourths of the capacity of the prototype locomotive. There
are very few cases where the performance curves cross each other; the
selection of any other rate of steam discharge would have resulted in
a body of air-flow data differing in magnitude but not in relation. The
flow chosen was dictated by the desirability of using the largest figure
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TABLE 6
STACK DESIGNATIONS AND AIR FLOW SUMMARY
The first number given for each combination of skirt or flare, nozzle and F is the corresponding stack symbol;
the second is the air flow for 1500 lb. of steam per hour.
The air flow data are taken directly from smooth curves drawn from Table 18. In many instances there is not
exact correspondence between the two tables.
The steam flow of 1500 lb. per hour corresponds to a jet pressure of 3.68 lb. for the 15Y nozzle, 5 lb. for the
I2Y, and 7.5 lb. for the 1%Y.
Skirt or Flare Used
F Nozzle --------------
i. None or
No. 1 No. 3 No. 4 No. 5 No. 6 No. 7 L S
10B 1%Y 1B-0-0 * * * *
3857 * * * 
8% 1Y ...... * * * 1B-0-L
..... * * * 4080
1Y ...... * * * 1B-0-L
..... * * * 4180 *
7% 1%Y IB-3-0 * * * * 1B-1-L
3900 * * * * 4080
64 1Y ...... t t * * ...... 1B-2-L 1B-2-S
. t * * ...... 4070 4030
1Y ...... t * ...... 1B-2-L 1B-2-S
t t * * ...... 4270 4155
5Y4 1Y ...... t t * ...... 1B-3-L ......
t t * * .... 4100
1 ...... t *...... * 1 -2-7......
. . * * 3910 ...... ......
44 1%Y 1B-2-1 1B-3-3 1B-3-4 * 1B-1-6 IB-3-7 IB-4-L IB-4-S
3597 3962 3962 * 4100 3990 4100 4125
13Y 1B-2-1 f t * 1B-1-6 18-3-7 1B-4-L 1B-4-S
3731 f t * 4110 4080 4200 4160
1% Y ...... ...... ...... ...... ...... 1B-4-L ......
...... .... . ...... * ...... ...... 4650 ......
3% 1VY 1B-3-1 1B-4-3 1B-4-4 1B-0-5 * 1B-4-7 1B-5-L 1B-5-S
3665 4033 4083 4128 * 3970 4125 4150
1%Y 1B-3-1 1B-4-3 1B-44 1B-0-5 * 1B-4-7 1B-5-L 1B-5-S
3689 4052 4042 4124 * 3910 4170 4186
1 WY ...... ...... ...... 1B-0-5 ...... ...... ...... ......
...... ... . .... . 4562 . . ...... ...... ......418
*Limitations of dimensions make all these arrangements impossible.
tThese arrangements had been tested at previous stages of the investigation.
different to warrant repetition.
The results were not sufficiently
common to three nozzles used without selecting the flow for the maxi-
mum pressure in any case.
From the tables it will be noted that there are four combinations of
the nozzle and F for which most of the possible skirts and flares were
used. For these four arrangements, the following conclusions may be
drawn:
(1) The stack with cylindrical extension (without flare or taper),
as would be expected, gave the poorest results of all; but it is a matter
of surprise that these are actually so good, falling as they do not more
than 10 per cent below the general range of values.
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(2) For both cases where F = 3% in., the No. 7 flare (only 1 in.
wider than the cylindrical extension) gave the next poorest per-
formance, while for F = 41 in. the performance of the No. 7 flare was
equal to that of the No. 3 and No. 4 skirts, instead of slightly below
it. For the 1%Y nozzle and 41/4-in. F, the condition is similar;
the No. 7 flare gave results not far below the best. This would suggest
that a larger value of F might make this flare one of the best; but a
further increase of one inch in F produced the opposite result (note
the figure for 1B-2-7, Table 6).
(3) In each case the No. 3 and No. 4 skirts showed very similar
performance.
(4) In each case the large and small flares showed almost identical
performance, which was, in each case, considerably better than that
of the two skirts.
(5) The No. 5 skirt, with the slight flare at the mouth, gave a
good account of itself, its performance lying between that of the skirt
and flare groups with both nozzles used, and being practically as good
as that of the flares for the 1%Y nozzle.
(6) The No. 6 flare showed practically the same amount of air
moved as the large and small flares for the same values of F.
(7) In considering the entire group the following may be said: The
use of the conical and nearly conical skirts produced results inferior to
those obtained from curved flares, while the use of flares of long curva-
ture and easy entry did not give results any better than those given by
the large or small flare with practically quarter-circle cross section for
the bell. For small values of F, the small flare, representing a 44-per-
cent increase in diameter, gave results scarcely significantly better
than the large flare, representing an 83-per-cent increase in diameter;
for values of F above 4 in., the large flare gave slightly better results.
The other main variable in this series of tests was the effect of
changes in F, which will be considered later. The test on the No. 4
stack provides additional data for comparison of the effect of stack
form, and the stack extension tests were run for the same purpose.
The tests with the 1%Y nozzle were made with the purpose of de-
termining whether the same similarity of performance would be found
with other nozzles; two widely different stack arrangements were used,
and the results showed only a variation corresponding to that found
with the larger nozzles.
It should be noted that the tests were all run with nozzles having
the most "compact" jet-those having a circular opening. If a nozzle
were used where the steam was discharged at a considerably greater
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FIG. 21. EFFECT OF FLARE ON AIR FLOW, No. 2 STACK
distance from the axis, larger flares would follow as a matter of
course.
The air-flow data from this series of tests are not exactly compara-
ble with those obtained from the earlier tests. During the hot-gas tests
(which preceded) some of the brickwork and insulation in the firebox
of the model became displaced, causing an increase in the area over
the arch and a slight decrease in resistance; this resulted in a small
increase in air flow for a given steam flow with a corresponding de-
crease in draft. The air-flow increase could have been corrected by
changing the size of the choke, but this was not considered desirable,
and it is only necessary to avoid mixing results from the earlier and
latest tests. The variation was only three or four per cent in any case.
In studying the action of the cylindrical stack studies were made of
the performance of the large and small flares, respectively, under per-
fectly comparable conditions. In Fig. 21 the difference in air flow for
the same total height of stack and the two flares is shown for five
pressures. The indications are somewhat clearer if the data for the
191'-in. height are ignored, all results from this value of F being ap-
parently too low. At low rates of working the larger flare produced re-
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FIG. 22. AIR FLow CURVES FOR ToP-TAPER STACKS
See Fig. 50 for diagrams of stacks tested.
sults from 2 to 4 per cent better than those produced by the smaller;
at the higher rates the large flare showed to slight advantage on the
shorter stacks, but with increasing stack height this advantage was
lost. The results correspond to those of the general investigation inso-
far as they are comparable, but in general are somewhat more in favor
of the larger flare.
(d) Performance of Combination Straight and Tapered Stacks
The stack of the locomotive prototype of the experimental model
had a tapered top portion combined with a cylindrical inside exten-
sion, as shown in Fig. 1. This type of stack, hereafter called "top-
taper" for brevity, is in favor with many railways. Stacks of this type
available for test included the following: the No. 1B with inside ex-
tension; the "top-draft" stack later described, and the No. 2 stack,
with the top cylindrical section removed and skirts Nos. 2, 3 and 4
applied as outside extensions. All results are tabulated in Table 20,
and in Fig. 22 the air-flow curves for these stacks with the 1%Y
nozzle are shown. In Fig. 50, the dimensions of all except the modified
No. 2 stacks are shown. As compared with results from a No. 2 stack
extended to equal height (i.e., 2-T-l1, 2 in. higher than standard), the
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use of the No. 2 skirt as a top flare (No. 2-T-2) produced a marked
improvement in air flow; with skirt No. 3 in place of No. 2 (2-T-3) the
results were better than for 2-T-1, but not as good as for 2-T-2; with
skirt No. 4 the taper was so large that the steam-air stream did not
follow the sides, and the air-flow results were below those for 2-T-1.
Figure 22 shows the air flow for the 2-T-2 with its full height, also
with a reduction factor applied based on previous stack-height tests
to make it comparable with the others; also for the top-draft (TD-O)
tested without top-draft opening, and for the 1B-4-L and the 1B-4-S.
All of these stacks produced slightly better results than those obtained
from the No. 3 and No. 4 stacks in comparable tests; these latter, with
the No. 8, gave the best performance, with the standard nozzle, for
the stacks with continuous taper. The superior performance of the top-
taper group indicates that, for stacks of equal minimum diameter and
equal F, the placing of the taper in the upper half or third of the
stack height gives results equal to or better than those obtained by
tapering the full length, and that this top taper may be as great as 1 in
5; if greater than this the effective stack height is reduced, due to the
failure of the stream to follow the walls.
32. Performance of Special Stack-and-Nozzle Arrangements.-A
number of special stack-and-nozzle arrangements were tried as a
means of testing the performance of certain forms of construction
which have been advocated.
Of these special arrangements, two may be briefly dismissed. The
wide-flare nozzles of series U, with diameters of 1% and 1% in., re-
spectively, at the base, and 2 in. at the top, were tried repeatedly with
various large-flare stacks as opportunity offered. In every case the
results were of no value or importance; the jet "spilled" all over the
front end with every stack arrangement tried except the 1B-6-L
(F = 2% in.); with this stack it was possible to confine the jet, and
the results obtained were fair as to air flow, but low in terms of the
efficiency ratio Wa/Ws. The vibration set up was such that it was
almost impossible to maintain any stack form-the extension and flare
were shaken down repeatedly. At all pressures above 1 lb. a shrill
whistling noise was set up.
The idea that a stack of very great height would be advantageous
prompted the suggestion of dividing the jet into four equal streams and
the stack into four equal parts by means of cross walls. This combi-
nation produced no results of any interest, the air flows for the com-
bination with and without the cross walls, using the No. 1 stack, varied
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only about six per cent, and in favor of the normal arrangement
without the dividing walls.
Out of this experiment came the nozzle which has been termed the
"pepperbox." It was originally intended to use this for the divided
stack experiment only, but the nozzle did such good work that it was
continued in use and tested with almost all of the stack arrangements
tried.
A trial made with this nozzle and a method of spreading the steam
jet is of considerable interest. In the center of the top of the nozzle
a quarter-inch stud was placed, and on this stud a small inverted cone
was mounted. The cone was 1 in. high, with a base diameter of 1 in.;
it was so arranged that it could be moved vertically on the stud
through a range of 1% in. It was expected that the jet would be ma-
terially altered in form for any position of the spreader but it could
be easily observed that the change was not very great, and that the
usual central cone of the jet formed above the spreader with an ap-
pearance little different from the normal for this nozzle. The 1B-4-L
stack was used so there was no "spilling" of the steam jet around the
flare. In Table 21, the performance with two extreme positions of the
spreader is shown, and also for the nozzle without the spreader. The
latter gives the best performance, and shows that the spreader some-
what reduces the effectiveness of the jet.
A type of nozzle with opening arranged as segments of a circle,
the "annular nozzle" of Fig. 53, was tested with the No. 1 stack and
the results are shown in Fig. 13. On page 69 is a schedule of sizes and
areas made possible by changing the center plate of this nozzle. It
appeared at the time the first tests were made that a stack with larger
flare would favor this nozzle, and accordingly it was retested with
several other arrangements having larger flares. For these later tests,
only the three useful sizes were used, the center plates being 1.25, 1.5,
and 1.77 in. in diameter, corresponding to plain circular openings of
1.90, 1.75, and 1.5 in., respectively. The best results were obtained
with the 1B-4-L stack. The use of the 1.25-in. plate (1.25A nozzle)
resulted in a steam flow slightly larger than that obtained with the
1%Y nozzle, and an air flow not significantly different from that found
with the 1%Y, and hence efficiency ratios which need no further con-
sideration. The 1.5A and 1.77A nozzles when tested with this stack
gave results of some interest as shown in Fig. 23. The showing does
not favor the special nozzle; in comparison with a circular nozzle of
the same area, the special nozzle discharges about 20 per cent less
steam, entailing a higher back pressure for the same steam discharge.
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The performance as to air flow per pound of steam for the 1.77A and
1%Y nozzles was nearly equal; the special nozzle was slightly better
at high pressures. Apparently nothing was accomplished with this
type of nozzle which cannot be realized by a mere enlargement of the
plain circular nozzle. The 1.5A nozzle was also tried with the 1B-1-6,
9A, and 9B stacks without significant results.
A type of nozzle which is in considerable favor at the present time
is the "basket bridge" type, where a cross bridge is placed in the path
of the steam jet at some distance above the mouth of the nozzle; the
belief is that the jet will be broken up to some extent without materi-
ally reducing the amount of steam which would normally flow through
the opening. The nozzle tested was identical with the 1%Y, except
that a metal cross 8 in. wide was placed % in. above the opening. The
cross, if placed directly over the opening, would have resulted in a net
area of 1.39 sq. in., a 21-per-cent reduction. The actual steam flow
was less than that for the 1%Y nozzle by amounts varying from 7
per cent at low pressure to 13 per cent at the highest rate (see Fig.
23). In terms of air flow the nozzle performed excellently, the air
moved for pressures above 3 pounds being significantly greater than
for the 1%Y, in spite of a smaller steam flow. This nozzle gave a
unique ratio curve, almost a straight line, and lying almost exactly on
the line Wa/WW = 3 for its entire length. However, before this satis-
factory action was secured, four different stack arrangements were
tried and found unsatisfactory, due to the tendency of the jet to "spill"
out of the stack flare.
The standard form of smokestack for many years was one with
no inside extension, but with one or more lift pipes or draft pipes
("petticoat pipes") located between the top of the nozzle and the base
of the stack. This arrangement is rarely used in modern engines, but
in some cases an "overdraft" or "top draft" arrangement is used, in
which the stack extension is set down some inches below the base of
the stack proper, leaving an opening out of which additional gas may
flow. The arrangement developed for the model is shown in Fig. 51,
the top of the stack corresponding to that of the No. 3; No. 4 flare was
used on the bottom, and the standard F was maintained (4% in.); the
top draft could be made %, 1%, or 2% in., as desired, or it could be
eliminated entirely. Figure 24 shows the air-flow results obtained from
these stacks (the 1%-in. opening not having been fully tested) for the
1%Y and 1%Y nozzles, also one run with the pepperbox nozzle. The
tests with the large nozzle were later repeated, and each set duplicated
after an interval during which another stack arrangement had been
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FIG. 24. AIR FLOW CURVES FOR TOP-DRAFT STACKS
The top-draft stacks all gave good results, but apparently the amount of opening had
little effect.
set up on the model; in all cases the results showed slightly the best
performance for the stack with the top draft eliminated, a decrease in
air flow scarcely significant when the top draft was % in., and a
slightly poorer showing when the top draft was the maximum. The
arrangement as .a whole gave a very good account of itself, especially
with the pepperbox nozzle, as is shown by the comparison with the No.
3 stack and the curves of Fig. 22, the air flow corresponding to 1300
lb. of steam per hour being 4150 lb.
The use of a large funnel on the base of the stack, extending almost
to the table plate, has been tried. This was imitated in the model by
the No. 5 flare used with the No. 1B stack. With a 2-in. extension
(stack No. 1B-2-5) F was reduced to 1 in., but this was found to be
very inefficient and the extension was reduced to 1 in. (stack No.
1B-1-5); after this change the arrangement worked fairly well. A
further reduction of the extension increasing F to 3 in. brought the re-
sults into the range of performance of other stack arrangements as
shown in Tables 6 and 18. The performance is equivalent to that from
the Nos. 3 and 4 skirts, and inferior to the results from the curved
flares.
The RL nozzle is rectangular, the ends slightly arched; the nozzle
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FIG. 25. TESTS OF RECTANGULAR NOZZLE
No advantage over the standard round nozzles can be found. It is of interest that the
rectangular nozzle gave a poorer performance with the oval skirt than with the regular 1B-4-L
stack.
available for test was 2.35 x 0.8 in. in size, its area corresponding to
that of a circular nozzle of 1.55 in. diameter. On account of the claims
made for this nozzle in the past and its very ordinary showing in these
tests, it was felt that it had perhaps not been done justice, and it was
consequently retested, both with the ordinary type of stack and with a
special stack, and check tests on two Y nozzles were made at the
same time. The steam flow for the rectangular nozzle is comparable
with that for the 1%Y nozzle, in spite of its having a larger area than
that of the 1%Y. Figure 25 shows the results of the four tests. The
oval skirt used (not used on any other arrangement) was 7¼1/ in. high,
fitted the base of the No. 1B stack, (4% in. diameter) and at the base
was 7% in. long by 4% in. wide, and flared slightly at the mouth. The
long axes of both nozzle and skirt were parallel to the tube sheet. The
value of F was 3% in. It is interesting to note that the nozzle did not
do as well with this special skirt as with the standard large flare,
though the differences are scarcely significant. The steam-air ratio
curve is fairly good, but below that for the 1%Y nozzle at every rate.
The performance on the whole was similar but inferior to that of that
nozzle.
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The tendency in European locomotive design is to place the nozzle
higher in the smokebox, and a study of the front-end arrangement sug-
gests that this might give the gases better access to the bottom of the
stack as a result of lifting the latter higher up from the table plate,
and shortening the path of some of the gas traveling through the net-
ting. As a test on this arrangement, the 4%-in. X (1.5Z) nozzle, raised
by one ring, was tried with the 1B-1-L stack, giving the standard F
of 4% in. The results of the trials were not in favor of the high nozzle.
The nozzle used shows no significant difference in steam flow from the
1%Y up to 5 lb. pressure; at 8 lb. the discharge is 2.6 per cent less.
The air flow for this arrangement fell 3.5 per cent below that for the
1 %Y nozzle with the 1B-4-L stack at low pressures, and 7 per cent
below at high pressures. This arrangement placed the mouth of the
nozzle almost exactly on the center line of the boiler, and the bottom
of the flare almost one-fifth of the diameter of the smokebox above it.
It is manifestly inferior to the standard arrangement with the top of
the nozzle about 3 inches below the center-line.
"Filling the stack" is a consideration which has been much dis-
cussed, and previous investigators of the front end have found con-
ditions of stack-and-nozzle arrangement where the steam jet left the
stack without coming into contact with the walls, there being as a
result either a clearly visible mantle of smoke around the steam jet
at the top of the stack, or else a reverse flow of air around the steam-
and-gas stream into the smokebox. In the present investigation it
was found that a 1¼-in. nozzle nicely filled a stack with 5-in. bottom
diameter; later a one-inch nozzle was tried with the 1B stack and
gave very good results (diameter ratio 4.5 to 1). The jet from this
nozzle was deflected backward at least half-an-inch,* but the top of
the stack was uniformly filled, indicating some reverberation within
the stack. Finally the 7/8Y nozzle was tried with the 1B-4-L stack,
being given a thirty-minute run at 8 pounds pressure. The steam dis-
charge (estimated on the area ratio) would be 660 lb., the measured
air flow was 3190 lb., and the Wa/Ws ratio corresponding is 4.8, 50
per cent better than the results for the best practicable nozzles. The
draft in front of the diaphragm was 2.0 in., hence the relation be-
tween draft and air flow is almost exactly on the standard curve relat-
ing these values, and there could have been no reverse flow of air
possible. This latter fact was carefully verified with pitot tube ex-
ploration all around the rim of the stack. It appears certain that for
a properly-set nozzle there can be no failure to fill the stack for a
*Opinion of four observers. On this jet deflection see Chapter VI, Section 39.
A STUDY OF THE LOCOMOTIVE FRONT END
diameter ratio of 4 to 1, and a ratio of even 5.15 to 1 gave good results,
for the stack arrangement used.
The "hooded jet" test referred to on page 85 was made with the
15/Y nozzle and the 1B-4-L stack, a metal cone being placed around
the nozzle and extending clear up to the base of the stack. The pur-
pose of the test was to find what loss in performance there would be if
the air were prevented from coming into contact with the jet below the
base of the stack, and it was found that there was a general loss in air
flow of the order of 15 per cent.
The No. 9A stack was developed from the No. 9B by replacing
the normal small flare with a special flare similar to No. 6 (Fig. 48).
The diameters of the flare at the top and bottom were 5 and 7 in.
respectively, and the height of 5 in. gave a standard F of 4% in. This
flare was made especially for use with the annular nozzles in the hope
of finding a method of improving their performance, but failed in this
respect. With the Y nozzles and the pepperbox nozzle however, it gave
very satisfactory results. The air-flow data are given in Table 21.
The results for the pepperbox and 1%Y nozzles are very similar to
those in Fig. 24 from the top-draft stack with % in. opening, except
that the pepperbox nozzle results were 100 lb. low at 8 lb. pressure.
The 1% and 1%Y nozzles also did correspondingly well. If reference is
made to the comparisons of Section 31 of this chapter, the 9A-pepper-
box combination with a flow of 4100 lb. of air for 1300 lb. of steam is
one of the most efficient combinations found.
33. Effect of Dimension F. - From the beginning of the investiga-
tion it was clear that variations in F (the distance between the top
of the nozzle and the bottom of the stack-see Fig. 1), within reason-
able limits, produced surprisingly small changes in results, and it was
also apparent that this dimension could not properly be discussed
without consideration, at the same time, of the relation it bore to the
total height from the nozzle to the top of the stack. To study the effect
of changes in these two variables a series of tests were run on the No.
2 (cylindrical) stack involving the use of both internal and external
extensions resulting in the following range of values: variation in F
from 2% to 10% in.; variation in total height of stack from 5% to
23% in. The stack was modified for this series by the use of the large
flare for most of these tests. Figure 49 (Appendix A) indicates the
various combinations of extensions, F, and total height used. The
1%Y nozzle was used throughout, and the air-flow data are presented
in Table 19, Appendix D.
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FIG. 26. VARIATION OF AIR FLOW FOR CONSTANT STACK HEIGHT AND VARIABLE F
In effect the entire stack is moved vertically. The best range of F is fairly well defined
The data given in this table may be analyzed along three lines of
investigation:
(a) With constant F, the results of varying the stack height.
(b) With constant stack height, the results of varying F.
(c) With constant outside extensions of several lengths, the results
of varying F.
The first set of relations has been considered under the heading
"stack height." The second relation involves moving a given length
of stack (in effect) up and down through the stack opening in order
to vary F, a condition of fairly limited application in actual practice,
since in general the stack height used is about as great as is practica-
ble. The third relation involves the question actually encountered
in front-end design: with a fixed distance from the top of the nozzle
to the top of the smokebox, how much shall be used for F and how
much for stack extension?
The results of the use of constant stack heights are shown in Fig.
26. For both heights of stack for which a complete range of F values
is available (13% and 15% in.) a range of definite best values for F
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FIG. 27. VARIATION OF AIR FLOW FOR CONSTANT OUTSIDE
EXTENSION AND VARIABLE F
In this case the position of the top of the stack is fixed at a given distance above the
nozzle, and F varied. For practicable values of the distance H + F (those below 24 in.) the
best value of F is fairly well defined.
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TABLE 7
EFFECT OF VARYING F
Arrangement Percentage Increase or Decrease in Air Flow for Value of F Given
Flare or 4 .
Nozzle Skirt 2 in. 3 in. 4 n. 5 in. 6 in. 7 in. 8 in. 9 in. 10 in.
IyY 0or ..... + 1.9 0 ..... ..... +8.2 ..... ..... +7.2
No. 3 ..... + 1.8 0. . . ... .. . .....
No. 4 . ... + 3.0 0 . . . ... . . . . . ..
No. 7 ..... +0.5 0 . . . . ..
Large ..... +0.6 0 0 -0.7 -0.5 -0.5 .....
Small ..... +0.6 0 ..... -2.4 .....
1% Y 0orl .... - 1.1 0.. . .. . .. . ....
No. 7 ..... -4.2 0 -4.2 . . .... .
Large ..... -0.7 0 ..... + 1.7 ..... -0.5 . ... ....
Small .... +0.6 0 ..... -0.1 .. . .....
Large* -1.2 ..... 0 ..... -4.0 ..... -7.0 ..... -9.4
*This line represents the large flare on the No. 2 stack; all other lines represent modifications of the No. 1B stack
is indicated, this range being from 4 to 6 in. (Note that the stack is
412 in. in diameter.) In the case of the 131/2-in. stack the best value is
attained at 4 in.; for the 15/ 2 -in. stack the best value is between 4 and
6 in., but tests of a 5-in. F gave results not significantly different from
the adjacent values. For either stack, the performance varies but little,
there being only 11 per cent difference between results for the best and
poorest values for F.
The results obtained from a constant outside extension and varying
values of F, combining the variation of F and stack height, are shown
in Fig. 27a-f. The stacks with shortest outside extensions showed some
indications of a best-value range about 5 in., but as the outside ex-
tension was lengthened the curves flatten and tend to run entirely
down hill; for example, with the 4-in. outside extension and small
flare, a 2-in. F gave the best results, and for the large flare, the results
showed a slight advantage for F = 4 in. This best value definitely
decreased as the outside extension was increased, so that for the great-
est extensions, the 2-in. F gave the best results. This, however, marks
the minimum F; a further decrease to 1 in. results in a considerable
falling off of air flow for all extensions and all pressures-as much
as 25 per cent reduction at the highest pressures.
The general conclusion must be in favor of a small value for F;
with practicable outside extensions (up to 8 in.) results from F values
of 4 to 6 in. are best, with practically no choice of a best value within
this range, if the flare is large; if the flare is small, the best values
are found with F from 2 to 4 in.
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Further information as to the effect of the variation of F is shown
in Table 7. The air-flow figures for 1500 lb. of steam per hour from
Tables 6 and 19 (Appendix D) have been compared with the air flow
for F = 41/4 in. as a base; the table shows the percentage increase or
decrease in flow found for other values of F.
From this table the following facts are clear:
(1) The variation due to F is quite small in any case; and it is
often obscured by variations in the form of the flare or other variables.
(2) Neglecting the impracticable No. 1 skirt (with no flare) all
others show a range of best values for F, not very sharply defined;
this range is from 4 to 6 in. for the large flare, and from 2 to 4 in.
for the small flare.
(3) Other conditions being comparable, the best value of F is
slightly less for a larger nozzle, and it is to be noted that all of the
values shown represent tests made with the most compact jet possible,
that issuing from a circular orifice.
34. Summary and Conclusions.-
(a) General
(1) The merits of any front-end arrangement, embracing a com-
bination of devices and dimensions, must be measured by two stand-
ards: the discharge of the required amount of steam at the lowest
possible back pressure, and the drawing through the front end of an
adequate volume of air or combustion gases. Failure to meet either
of these requirements is detrimental to the efficient operation of the
locomotive.
(2) This portion of the investigation deals only with the front-end
arrangement; variation of the steam discharge or flow is introduced,
however, for the double purposes of checking the general level of each
individual determination by its relation to the corresponding values
for other rates, and to ascertain to what extent the performance curves
cross each other-i.e., to what extent an arrangement may be efficient
at one rate and inferior at other rates. Except for inevitable indefinite-
ness of performance at 1 lb. steam pressure, there was very little inter-
section of the steam-rate or air-flow curves-an arrangement proving
to be good at one rate standing in the same relation at all rates. The
utmost care in steam pressure adjustments was necessary-a slight
variation in this submerged the effect of almost any other variable.
(3) The purpose of varying the front-end arrangement is the at-
tempt to secure the desired high ratio of air flow to steam flow while
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at the same time maintaining a high ratio of steam flow to exhaust
pressure. These are conflicting conditions, since in general as the nozzle
diameter is increased the air-to-steam ratio (Wa/W,) decreases, while
the pressure ratio (W,/P,) also decreases, and vice versa. The ulti-
mate purpose is to select those forms and combinations of stack and
nozzle in which both ratios will have satisfactory values, and hence
good combustion be secured at the cost of moderate exhaust pressure.
(b) Nozzles
(1) Nozzles with openings geometrically similar and approaches
to the openings having even a rough general resemblance, give steam
flow rates for a given pressure almost precisely proportional to their
areas.
(2) If the steam flows against a hook, incurving edge, or shoulder,
the flow will be reduced in proportion to the eddy effect set up around
this obstruction, but there is nothing to indicate that vigor of entrain-
ing or mixing action is promoted by the use of such obstruction.
(3) Vigor of entraining and mixing action is somewhat increased
by increasing the perimeter of the stream of steam emerging from the
nozzle, the best effects being found in those nozzles where the stream
is actually divided at the orifice. There is a limit to this effect, how-
ever, and too much division is a disadvantage.
(4) Aside from the actual amount of steam being discharged in
a certain time, the velocity of discharge is the most important vari-
able; the larger the velocity, the more vigorous the action.
(5) On the basis of comparison with the 1/Y standard round-
orifice nozzle, the following statements may be made with regard to
the special nozzle forms and openings used:
Nozzles with varying taper in the approach to the orifice (W
series) gave no results significantly different from those from the
standard nozzle.
Expanding nozzles with chamfered throats (Z series) gave in-
creased steam flow results for all pressures, but the corresponding air
flow was distinctly inferior to that produced by the standard nozzle.
Nozzles with incurving edges (T series) gave results similar to
those from standard nozzles of smaller diameter than that of the
special nozzle. Smaller steam flow at the same pressure corresponded
with air flow reduced in about the same ratio, with efficiency ratios
nearly equal or slightly inferior to those for the standard nozzle in
consequence.
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Nothing in their performance could be found to recommend the
rectangular or square type of nozzle, both steam and air flow de-
creasing in about the same ratio below that of the corresponding
standard nozzles.
The annular type of nozzle gave a fairly good performance with
the most suitable stacks, but nothing was secured which could not
be obtained from the use of a plain circular nozzle.
The Pennsylvania or Goodfellow tip, the bridge type, and the
pepperbox type nozzles all gave good performance with all stacks
tested, the latter making the best showing in general, and in combi-
nation with the No. 4 stack giving the best results from any combina-
tion, including a stack of standard height. The pepperbox nozzle is
typical of several commercial nozzles with the jet definitely divided,
and these tests show that good results should follow the use of this
type of nozzle with any form of stack.
The basket bridge nozzle gave a very good performance with a
stack having sufficient flare at the base so that the jet did not "spill."
(c) Stacks
(1) Tapered stacks proved better than cylindrical stacks of the
same minimum diameter under every condition tried.
(2) The efficiency of the tapered stack improved with the increase
of taper up to about 1 in 10; a larger taper than this resulted in poorer
performance with the nozzles of circular opening, but the taper may be
increased somewhat more when nozzles of the jet-splitting type are
used.
(3) Increasing the diameter of the cylindrical stack produced an
improved performance with any nozzle practicable for use with the
proportions of the prototype in mind. The best ratio found for the
stack diameter was 3.5 nozzle diameters. The best performance pro-
duced by a straight stack is improved by the use of a tapered stack
of slightly smaller base diameter.
(4) Stacks with cylindrical inside extensions and tapered tops
gave very satisfactory performance; the taper of the upper third can
be as great as 1 in 6 with advantage.
(5) For the standard 1%Y nozzles the stacks giving the best per-
formance had a narrow range of diameters at the top: No. 3, tapered,
514 in.; No. 7, cylindrical, 5 in.; No. 8, tapered, 5% in. No. 3 was the
best by a negligible margin. In view of this there is no reason to be-
lieve that a further increase of taper on the large diameter series
would have resulted in further improvement over the No. 3 and No. 8.
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FIG. 28. COMPARISON OF VARIOUS STACK AND NOZZLE ARRANGEMENTS
(6) All tests indicate conclusively that, within normal clearance
limitations, the largest outside extension possible is advantageous.
(d) Skirts and Flares
(1) The use of a funnel-shaped or flared stack-base produced a
material improvement in performance.
(2) For a given increase in the diameter of the flare over the main
portion of the stack, ease of entry for the gases must be considered.
It was found that for equal flare diameter the curved flare gave better
results than the straight skirt which presented an angle in the gas pas-
sage; the use of a wide curved flare of parabolic form had no ad-
vantage over the use of a short flare of quadrant cross section.
(3) The use of a large funnel extending well down over the nozzle
has nothing to recommend it.
(e) Dimension "F"
The value of the dimension F has surprisingly little effect on the
performance when considered in the light of the normal design problem,
that of a fixed distance from the nozzle to the top of the stack. Values
ranging from % to 1.5 times the diameter of the stack gave the best
results, the larger values entailing the use of a flare of larger diameter.
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Typical Performance Showings
As a summary of the data presented, Fig. 28 is drawn, showing
the performance of several arrangements as follows:
The No. 1 stack and the 11/2Y nozzle, the general basis for com-
parison.
The same nozzle with the No. 2 top flare stack (2-T-2), a practi-
cable stack showing very good performance.
The same nozzle with the No. 1 stack with a 13-in. extension (No.
1 + 13 in.) showing the largest amount of air moved by the standard
nozzle in any test. The stack, however, is much too high for prac-
tical use.
The pepperbox nozzle with the No. 4 stack, the best combination
of a nozzle approximating the capacity of the standard with a stack
of standard outside extension.
The basket bridge nozzle (S-B) with the 1B-4-L stack, showing
a good performance in terms of air moved, and a remarkable efficiency
curve.
VI. MODEL TEST RESULTS; OPERATING VARIABLES
35. Operating Variables.-The preceding chapter was devoted to
tests involving various arrangements of the front end with regard to
the stack, nozzle, and "F." In that chapter the only variable which
referred to operating conditions was the variation in the jet pressure
and the flow of steam, corresponding to different rates of working for
a locomotive with a given front-end arrangement. In the present
chapter, the results obtained from a constant front-end arrangement
(or from a relatively small number of variable arrangements in the
case of the hot gas tests) will be examined with regard to operating
conditions; further attention will be given to the effect of jet pressure
variation, also of the temperature of the gases moved by and through
the front end, of the humidity of the atmosphere, of pulsation in the
steam flow, of the temperature or superheat of the steam, of weather
conditions in general, and of the choke.
36. Effect of Variation in Steam-Jet Pressure.-The effects of this
variable have been quite fully exhibited in the previous chapter, where
for each arrangement a series of jet pressures was used. The steam
flow increases with the pressure, but in much less than a direct ratio.
Most of the runs terminated at eight pounds pressure, but lower term-
inal pressure for the larger nozzles was required by the steam line from
ILLINOIS ENGINEERING EXPERIMENT STATION
FiG. 29. TESTS OF 1Y NOZZLE WITH No. 1B STACK
the power plant. In order to examine the effects of higher pressure a.
series of runs was made using the 1Y nozzle with pressures as high as
17 lb. The results from these tests, in which the 1B stack was used,
are shown in Fig. 29. As can be seen, typical results are merely ex-
tended into a higher pressure range.
Considering that the discharge from the nozzle is into a region of
virtually atmospheric pressure, when the jet pressure reaches a value
of 12.0 lb., the critical pressure for steam of low superheat is reached.
For higher pressures the discharge increases faster than it would had
the same laws of flow obtained as at the lower pressures, but there is
no change in the general form of the flow relation found, up to the
highest pressure at which it was considered safe to work the model,
and the parabolic P,-W, curve remains.
37. Effect of Temperature of Gases or Air.-In Chapter IV and in
Appendix A the methods of heating the air for the tests are described.
The original method, that of passing the air over a bank of radiators,
gave little information of importance on account of the limited tem-
peratures obtainable. Such results as could be obtained are in har-
mony with those found by the later method of heating the air by
means of a gas flame, so that the front end actually moved products
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FIG. 30. AIR FLOW CURVES FOR 11/ 2 Y NOZZLE AND NO. lB STACK
FOR VARIOUS AlR TEMPERATURES
This figure shows the reduced flow of air plus combustion gases for tests run at atmospheric
temperature and various higher temperatures.
of combustion, and with this arrangement there was no temperature
or quantity limitation. The tests fall into two general groups: those
with constant gas temperature and varying steam and gas flow, and
those with constant steam flow and varying temperature and gas flow.
In the constant temperature tests, a condition of approximate tempera-
ture equilibrium was found, in which the relations of gas flow for heat-
ing and steam flow were so adjusted that there was very little variation
in temperature during the period of a set of readings (8 to 12 min-
utes); this variation was never more than ten degrees, and usually
could be kept within three or four degrees.*
From the analysis of the illuminating gas used and a study of the
combustion reactions which took place, it was found that the products
*Perfect equilibrium and constant temperature were impossibilities. If, after an hour or so of
adjustment, such a condition was attained, a gust of wind outside (the doors all being closed) was
sufficient to destroy it.
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FIG. 31. RELATION BETWEEN TEMPERATURE AND AIR FLOW FOR
11/2Y NOZZLE AND NO. 1B STACK
This figure incorporates the same data as Fig. 30, with the results of the cooling-off tests
in addition, in order to exhibit the temperature effect through a wider range.
of combustion had almost exactly the same density as air, conse-
quently each pound of gas burned was equivalent to the addition of
a pound of air to the amount moved by the front end, assuming perfect
combustion; the correction in pounds per hour is only about 4 per cent
of the gas meter reading (in cubic feet per hour), or so small that it
could almost have been ignored.
Twenty-one combinations, including six different nozzles and four
stacks, were selected for the hot-gas tests. The determinations made
were as follows:
Tests at the standard high temperature (630 deg.) ........ 198
Tests at constant lower temperatures................... 37
Tests at constant pressure, cooling down................. 77
Cold-air tests for comparison ..................... . .... . . 209
Appendix E presents summaries of all of the tests run with hot gas
and the cold-air tests run for comparison with each hot run.
Figure 30 shows the results obtained for all temperatures with the
1/2Y nozzle and the 1B stack. These data are taken from a series of
A STUDY OF THE LOCOMOTIVE FRONT END
determinations during which the following tests were made: a series
with the temperature of the gases at approximately 630 deg. F., three
to six runs (each corresponding to a different pressure) at the follow-
ing lower temperatures: 568, 503, 431, 360 and 285 deg. F., and a
"cold" run with six pressures at atmospheric temperature. As a check
on the limiting conditions, four other series of runs are included in the
plotted data-two at 630 deg. F., and two "cold" runs. The gas
burners were in use for all of the hot runs shown in this plot. The
figure shows a decrease in air flow (ranging from 17 per cent at low
pressure to 21 per cent at the highest pressure) for the 630-deg. runs,
below that for the atmospheric-temperature runs; the curves for the
intermediate-temperature runs distribute themselves proportionally
between the limiting curves.
In Fig. 31 the same data are shown in a different arrangement, and
with data from cooling-off runs added. After having made a complete
series of determinations at 630 deg. F., and another with cold air, the
steam pressure was set at the desired figure, and the temperature
varied by decreasing the flow of illuminating gas to the lowest amount
at which combustion could be maintained, the flow being adjusted to
give a series of predetermined temperatures at about 70-deg. intervals.
When the limit of combusion was approached the gas was turned up
considerably and the temperature raised to such a point that, when
the gas was shut off entirely, the drop in temperature which occurred
(almost instantly) would not result in a temperature gap in the curve;
and an overlap of conditions was secured if possible-in order that
readings might be taken at the same temperature with and without
the burners in operation. The curves of Fig. 31 show a satisfactory
verification of the combustion corrections, in that practically identical
results were obtained for any temperature where the comparison be-
tween air flow with and without the burners can be made.
A similar set of runs using the 1%Y nozzle and the No. 4 stack
was also made; these included cold tests, 630-deg. tests, and series of
tests with three lower temperatures. No cooling-off runs were made
in this group, however, and a plot similar to that of Fig. 31 becomes
less significant. (The preparation of the 1%Y data for presentation
showed the usefulness of the information from the cooling-off tests,
and resulted in the more extensive series in the later 1%Y runs). The
1%Y-No. 4 combination gave no results in conflict with the series
which has been fully presented, nor did it give any added information,
except as to the performance of the stack-and-nozzle set-up, which is
shown with the next group of figures. The compilation of the data is
shown in Table 23, Appendix E, but no curves are drawn.
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FIG. 32. REDUCTION IN AIR FLOW DUE TO HEATING TO 630 DEG. F.,
VARIOUS STACKS AND NOZZLES
There is no correlation between any characteristic of the nozzle or stack and the reduction
in flow, but there is definite variation in the reduction with the cold-air flow for the same ar-
rangement.
The relation between the two outside curves of Fig. 30 for the
various stack-and-nozzle combinations remains to be shown. In Fig.
32a-d these relations are shown for all of the twenty-one combinations.
Of several methods which might be selected the one chosen for show-
ing the results probably places the most emphasis on the differences
in performance, but from the curves as drawn it is not possible to see
that any given nozzle, or stack, has any particular characteristics as
to greater or less loss, etc. All of the curves with the exception of the
No. 8-pepperbox combination give a consistent range of reduction
percentages. The erratic case may justifiably be ignored, as the cold
test data were unsatisfactory and no check test was possible. The
indications of the curves may be summarized as follows:
(1) There is no relation between the reduction in gas flow due to
heating characteristic of any particular type of nozzle.
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FIG. 33. VARIATION OF REDUCTION OF AIR FLOW DUE TO INCREASED
TEMPERATURE, WITH TEMPERATURE
(2) There is no relation between the reduction and the stack used.
(3) A definite relation exists between the amount of air flowing
under cold conditions and the percentage of reduction due to heating,
the reduction increasing with the flow.
An assembly of the results obtained from the cooling-off tests is
shown in Fig. 33. This set of curves represents the data from the
11/Y-1B stack combination, and is thoroughly representative of all
of the results of this particular portion of the investigation. For the
temperature range of interest in locomotive operation, from 400 to 700
deg. F., the reduction in flow of hot gas (Waf) below the cold air flow
for the corresponding steam pressure and front-end arrangement is
approximately given by the following equation, derived from Fig. 33:
Wac - Wah T - 200) /W 17Wa - W (in per cent) = 11 (--)T + 0.42
Wac 300 1000
This formula is based on the data from a single stack-and-nozzle ar-
rangement, but expresses a relation not affected by the arrangement
and is applicable to any. Justification for the use of an average
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TABLE 8
REDUCTION IN GAS FLOW DUE TO TEMPERATURE VARIATION
Percentage Reduction Factor to be Used to Find Flow of Hot Gases in lb. per hr.
Temperature in Corresponding to a Cold Air Flow per hr. of
Smokebox
deg. F. 2000 lb. 3000 lb. 4000 lb. 5000 lb. 6000 lb.
400 8.7 10.2 11.5 14.3 16.9
500 12.4 13.9 15.2 18.0 20.6
600 16.1 17.6 18.9 21.7 24.3
700 19.7 21.2 22.5 25.3 27.9
relation to represent the reduction in flow due to heating the gas is
found in several facts: the variation from this average is such that
the order of meritorious performance of the different stack-nozzle com-
binations is unchanged; the variation is about the same as that found
in day-to-day performance of any single arrangement; the variations
are within the "spread" of the results of actual locomotive tests.
Values of the reduction factor for various weights of cold air and tem-
peratures are shown in Table 8.
It may be suggested that the hot-gas tests should have been run
on a program of varying the temperature with the steam flow, by
analogy with the performance of the actual locomotive; for example,
with 400 deg. front-end temperature for an exhaust pressure of 1 lb.,
and 600 deg. with 8 lb. This could have been done easily, but a
regular program of temperatures would have been necessary to render
the various tests comparable, and the use of correction factors would
have been unavoidable in any case. At the same time the method
adopted gives a wider range of information.
38. Effect of Humidity of Atmosphere.-Extreme conditions of hu-
midification of the atmosphere were obtained by running a one-eighth-
inch pipe into the heater chamber in the original form of the model,
through which water could be discharged in a fine stream against the
radiators. The passage of air through and around the bank of radia-
tors was expected to evaporate or entrain this moisture, and that this
was accomplished is shown by there being no drip from the model
until the amount of water injected was more than three times the
amount necessary to saturate the air. The amount of water injected
was determined by calibration of the inlet valve, and the amount of air
was measured in the usual way. The smallest amount of water that
could be admitted was found to be 55 lb. per hour, an amount which,
A STUDY OF THE LOCOMOTIVE FRONT END 113
TABLE 9
EFFECT OF HUMIDITY ON PERFORMANCE
Pressure
of Steam
lb. per sq. in.
1
2
3
4
6
8
Weight of
Steam
lb. per hr.
640
650
980
1010
1220
1240
1410
1430
1755
1780
2020
2065
Weight of
Air
lb. per hr.
1960
1950
2670
2660
3300
3250
3660
3600
4250
4200
4750
4700
Water
Added
lb. per hr.
0
55
0
55
0
55
0
55
0
55
0
55
Dry Air Total Mixture
Moved Moved
lb. per hr. lb. per hr.
1950
1940
2650
2640
3280
3230
3640
3580
4220
4170
4720
4670
added to the moisture already carried by the air (34 per cent relative
humidity), was sufficient to supersaturate the total air flow for all
rates except that resulting when the highest steam pressure was used.
Table 9 shows the results obtained in terms of air and moisture moved.
From this table the following conclusions may be drawn:
(1) For any degree of humidity up to saturation the variation in
the total amount of dry air moved and of mixture moved is less than
can be dependably determined.
(2) Conditions of supersaturation are of no practical interest, but,
even with double the amount of moisture that can be evaporated en-
trained, the effect on the performance is of small moment.
(3) Excessive humidity in the model produced a slight condenser
effect at all pressures, and, as a result, there was an increase in the
flow of steam for a given pressure, the increase being about 1.5 per
cent. No trace of this effect was found when the air was heated by
means of the radiators, until over 200 per cent of saturation was
reached.
(4) The total range of variation is so small that no actual varia-
tion in atmospheric conditions may be expected to measurably affect
draft performance.
39. Effect of Pulsating Steam Flow.-This question has received
much attention from all investigators of the front end. Professor Zeu-
ner, and all other users of models as a means of investigation, used
continuous, non-pulsating flow in arriving at their conclusions. Dr.
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Goss says that the speed of the locomotive has little or no effect, so
long as it is so great that there will always be steam moving out of
the stack. The practice of making boiler tests with a steady flow of
steam has gained considerable headway in recent years. The front-
end model used in this investigation, as originally built, was provided
with a pulsator valve, by means of which both the speed of pulsation
and the form of exhaust wave desired could be secured. The valve con-
sisted of a disc rotating within a casing, and provided with slots of
variable shape in order to simulate the variation in wave form; the
rotation of the disc was controlled by a variable-speed motor and
step-cones for the belt.
Two questions in this connection require answers: what is the
effect of the speed of pulsation, and what is the effect of the variation
of the exhaust wave?
In order to study the effect of the pulsator on the action of the
front end it was put into operation with several different front-end
arrangements, giving results that were felt to be inconclusive on ac-
count of difficulties with the belts and motor speed adjustments. In
repeated series of preliminary tests, no difference in performance could
be found except those variations in draft and exhaust pressure directly
due to the pulsations. The steam- and air-flow gauges were unaffected,
and gave results corresponding exactly to those obtained with steady
flow conditions. Improvement in operation and in the technique of
keeping the speed constant served to confirm the results of the pre-
liminary tests. Formal series of determinations were run with the
pulsator in operation with the 12Y nozzle and the Nos. iB, 1, and 9
stacks, and with two other nozzles with the No. 1B stack, five arrange-
ments in all. Speeds of from 40 to 140 revolutions (corresponding to
80 to 280 pulsations) per minute were used, this being the widest range
over which the speed of the pulsator could be held constant; varying
pressures were used with the same speed, and varying speeds with the
same pressure. There was a definite relation between steam flow and
air flow for each stack and nozzle, the same for all speeds, and the
same as the relation with the pulsator inoperative. Further, the aver-
age pressure of the exhaust jet with the pulsator running produced the
same discharge as a steady pressure of the same amount. (There is a
discrepancy at 1 lb. pressure, but this was because the wide fluctua-
tion of the mercury pressure gauge was not under satisfactory control,
and the difficulty of reading this gauge rather than difference in flow
is responsible for the apparent disagreement.) In Fig. 34 the data
from the No. 1B stack used with the 11/2Y nozzle are shown.
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FIG. 34. TESTS OF 1%Y NOZZLE WITH No. 1B STACK, WITH PULSATING STEAM FLOW
The points of zero speed of the pulsator, that is, steady flow of steam, are part of the
same general relations as those for any speed in the entire range.
Throughout these tests no alterations in the shape of the openings
in the valve disc were made; if neither the operation, nor any variation
in the speed of the operation of the pulsator had any effect, no varia-
tion in wave form could be expected to have any effect provided the
same volume of steam was discharged in the cases compared.
40. Effect of Temperature of Exhaust Steam.-There is a close
similarity between the model and the original locomotive in the matter
of the temperature of the exhaust steam, which ranges from 240 to 320
deg. F. In the model there is an increase of temperature with steam
flow, due to the radiation loss in the long line from the boilers being
relatively lower; if the steam line is hot at the beginning of a test,
the general average of temperatures for the series of determinations
will be somewhat higher. Readings were never begun until after the
steam temperature passed 245 deg. F. The highest temperature ever
recorded was 302 deg. F., and in only a few cases were temperatures
below 260 deg. found; within this range, no consistent effect on the
performance of the model could be ascribed to steam temperature. The
steam meter was calibrated for a pressure of 100 lb. per sq. in., and
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TABLE 10
EFFECT OF STEAM TEMPERATURE ON AIR FLOW
Weight of Weight Water Temperature of Saturation Mixture at Weight of Air
Steam Injected Steam Temperature Nozzle We Flowing
lb. per hr. lb. per hr. deg. F. deg. F. lb. per hr. / W, lb. per hr.
955 0 264 218 955 2.77 2640
970 10 241 218 980 2.75 2680
932 19 220 218 951 2.71 2560
1110 0 267 221 1110 2.86 3160
1110 5 256 221 1115 2.80 3110
1110 21 226 221 1141 2.68 3060
1470 0 266 227 1470 2.58 3790
1470 13 249 227 1483 2.54 3760
1470 22 234 227 1492 2.48 3700
with steam of 96 per cent quality; pressure on the meter was controlled
by a reducing valve, but quality was not controllable and varied
slightly, the 96 per cent representing the average condition. With a
given jet pressure and steam temperature a definite volume and weight
of steam is discharged through the nozzle. If the pressure is main-
tained constant, but a decrease in quality occurs in the main, the meter
will pass the same volume, but a greater weight of steam; the throt-
tling at the nozzle will result in a lower superheat in the jet, and if the
same volume is passed the weight will be slightly greater. But the
fluidity of the steam is less, and this will tend to reduce the velocity
and hence the weight of discharge, this in turn causing the meter to
read lower. In actual practice these effects cannot be seen, or at least
could not be isolated from those due to other conditions.
A number of studies were made to determine, if possible, the result
of varying superheat in the jet, after it had been learned that the day-
to-day comparisons gave no results upon which conclusions might be
based. Later, cooling of the steam was accomplished by injecting
water from a calibrated valve. The water thus admitted was thorough-
ly diffused in the steam by passing through the pulsator valve open-
ings. The water-control valve was opened with as small increments as
possible in order to obtain two or more readings with superheat still
remaining in the steam jet, and in Table 10 are shown typical results
selected from those of several runs.
If additional water had been admitted in any of the cases in the
table, the jet temperature would have dropped to that of saturation,
and the steam quality would have been reduced below unity; when this
happened, the front end rapidly began to fill with water, and the air
flow fell off at least one-third.
The variation in the air flow as long as superheat remained in the
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steam was only slightly greater than the limit of accuracy with which
this flow could be determined; the variation of the steam flow was
slightly inconsistent, but this inconsistency also was scarcely beyond
the limits of the accuracy of the measuring device. The narrow range
of variation of the Wa/W, ratio for various temperatures confirms the
conclusion that the effect of the variation of steam temperature is not
an important one, and that such effect as there is is probably due to
the slightly increased loss by condensation in the front end due to the
lower temperature of the steam; the probable range of exhaust tem-
perature for a given steam discharge in a locomotive may be expected
to have no measurable effect on draft performance.
41. Effect of Atmospheric Conditions.-In the early stages of this
investigation it was natural to charge such variations as occurred from
day to day in the results from an identical arrangement to atmospheric
conditions, and much study was given to the proper corrections for
these conditions. After considerable experience with the results ob-
tained these corrections lost most of their importance, especially in
the light of the fact that with identical conditions inside the laboratory
as to barometer, temperature and humidity, a variation in day-to-day
results was found almost equalling cumulative corrections for varia-
tion from standard conditions. These variations were in part due to
the prevailing air movements outside, a shifting wind resulting in
conflicting data. Nevertheless, the making of atmospheric corrections
could not but refine the data to some extent, and these have been made
consistently throughout the tests where required.
The standard conditions adopted were an air temperature of 75
deg. F., a barometer reading of 29.40 in., and a relative humidity of
40 per cent. Corrections for conditions actually found were made as
follows:
Temperature
It has been assumed that the air was a perfect gas within the small
range of temperatures used; since the calibration of the air gauges was
based on 75 deg. F., the amount of air actually moved at any other
temperature T is
Weight moved at 75 deg. F. X 535/(460 + T)
Barometer
The same assumption being made, and 29.40 in. having been taken
as standard, the weight of air moved at any other barometer reading
B is
Weight moved at 29.40 X B/29.40
ILLINOIS ENGINEERING EXPERIMENT STATION
Humidity
At 75 deg. F. and standard atmospheric pressure the volume of one
lb. of dry air is 13.711 cu. ft., and of one lb. of saturated air 13.865
cu. ft.; by interpolation, the specific volume for air 40 per cent satu-
rated is 13.773 cu. ft. (Note that the density decreases as the degree
of saturation increases.) For other pressures and temperatures within
the atmospheric range the volume ratios vary so slightly that the cor-
rections for any atmospheric condition may be based on the relations
between the foregoing volumes. For dry air, assuming the same vol-
ume moved, the weight will be 13.773/13.711 (= 1.0047) times that
moved with 40 per cent saturation. For saturated air, the same volume
being moved, the weight will be 13.773/13.865 (= 0.9934) times that
moved with 40 per cent saturation. Hence the correction for each ten
per cent change in humidity is 0.113 per cent, entirely negligible for
the ordinary range of values, but of interest in special humidity
studies. An increase in humidity above the standard results in a de-
creased weight of air being moved.
The use of the corrections may be thus illustrated: The reading
of the differential gauge indicates a volume of air moved corresponding
to 3000 lb. per hour at standard conditions. Test conditions are: rela-
tive humidity, 60 per cent, barometer, 29.80 in., temperature of air
in duct, 85 deg. F.
20
Humidity correction factor: 1.0000 - 0 (1.0047 - 0.9939) = 0.9977 +
Barometer correction factor: 29.80/29.40 = 1.0136
Temperature correction factor: (460 + 75) / (460 + 85) = 0.9817
Combined correction factor: 0.9977 X 1.0136 X 0.9817 = 0.9929
Actual weight of air being moved per hour 0.9929 X 3000 = 2979 lb.
In practice the three corrections can be added algebraically, since
0.9977 represents - 0.23 per cent, etc., adding gives (- 0.23 + 1.36
- 1.83)= - 0.68 per cent total correction, as against - 0.71 found
by multiplication. No correction less than 0.5 per cent has any real
significance, as the instrumental errors certainly exceed this amount.
As a means of investigation of the necessity, importance, and
validity of the corrections, a series of "weather tests" were run, some
of the conditions being produced artificially and some naturally. In
these tests barometer readings ranged from 29.50 to 29.80 in., tempera-
tures from 52 to 92 deg. F., and relative humidity from 21 to 77 per
cent in special humidity tests, and from 30 to 70 per cent under
natural conditions. Corrections ranged from "negligible" to 5.8 per
cent for a combination of low temperature and high barometer. The
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results as summarized in Table 24, Appendix F, show the following
conditions, on the uncorrected results:
(1) Day-to-day variations obscure any effect barometer changes
may have.
(2) Humidity variation has no consistent effect, even with the wide
variations artificially obtained.
(3) A low temperature results in an apparent decrease in the air
flow and vice versa.
On correcting the results by the methods previously outlined the fol-
lowing facts are apparent: (a) no effects are attributable to barome-
ter or humidity conditions, and (b) lowered temperature actually re-
sults in a slight increase in the air flow and vice versa.
If the corrections had their ideal effect, the flows of air as corrected
would be equal for the corresponding steam pressures and hence equal
flows of steam, in all cases where the conditions do not deviate far
from standard; in other cases the results should vary in the direction
to be expected in the light of investigational work with excessive hu-
midity, and high temperature. Inspection of the results shows that the
corrections have accomplished this. No better illustration of this than
the results of the run 3285-89 with low air temperature appears; the
uncorrected air flow is low, but the corrected air flow is above the
normal, as it should be in view of the fact that high temperatures re-
sult in a reduced flow.
From the foregoing it may be concluded that the corrections, while
of small magnitude, are of sufficient importance as a refinement of the
data to warrant their use.
42. Effect of Choke.-The choke consisted of a slot perpendicular
to the axis of the air duct, in which a metal slide having a circular
opening was placed. By means of variation in this opening, the entire
resistance of the model was altered, corresponding to variations in
resistance through the ash-pan, grates, and tubes when various loco-
motives are considered, or for a single locomotive, to variation in re-
sistance through the fire bed. The opening in the choke was origi-
nally fixed by selecting a size which placed the respective values of
the draft ahead of and back of the diaphragm in the ratio of 3:2
characteristic of most locomotive tests.
Several series of choke tests were run, and in Table 11 the re-
sults from one of these are presented. Four choke diameters were
used, and for each diameter, the air flow and draft corresponding to
five different rates of steam discharge were found. The results are
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TABLE 11
DATA FROM CHdKE TESTS
Diameter of
Choke
in.
7
6
5
4
Exhaust
Pressure
lb. per sq. in.
1
2
3
5
8
1
2
3
5
8
1
2
3
5
8
1
2
3
5
8
Weight of
Air
lb. per hr.
2100
2900
3450
4250
5050
1970
2750
3200
3940
4650
1750
2420
2860
3520
4150
1400
1920
2300
2850
3300
Weight of
Steam
lb. per hr.
720
980
1180
1520
2020
720
980
1180
1520
2020
720
980
1180
1520
2020
720
980
1180
1520
2020
shown in Fig. 35, in which the dotted curves show the relation be-
tween draft and air flow for each choke diameter, and the solid lines
show the same relation for each rate of steam discharge. On any
constant-steam-pressure curve, a decrease in the resistance to air flow,
as represented by an increase in the choke diameter, results in the
movement of a greater weight of air and the production of a smaller
draft. The inadequacy of the draft as a measure of performance under
these conditions is obvious.
VII. EXPLORATIONS IN FRONT END AND STACK
43. Object of Explorations.-This set of studies was made in an
effort to learn accurately the nature of the movement of the air in the
front end as a whole, the shape of the jet, especially with regard to its
contact with the walls of the stack, and, in general, the conditions
attending the mixing of the steam and air in the stack as indicated by
the pressure, temperature, and velocity existing within the jet. Prac-
tically all of the work involved was made possible by the fact that
only cold air was drawn into the front end, and the assumption is
made that the conditions of mixture and the action in general is the
same for the cold air as it would be in the case where hot gases are
moved.
Draft in Front
of Diaphragm
in. of water
0.55
1.15
1.65
2.50
3.50
0.80
1.60
2.25
3.45
4.95
1.20
2.30
3.25
5.00
6.40
1.95
3.45
4.90
7.35
10.95
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FIG. 35. EFFECT OF VARYING AIR RESISTANCE ON FRONT END PERFORMANCE
The broken-line curves represent constant resistance, the solid-line curves constant steam
pressure and discharge. Increased resistance results in a greater draft, but smaller movement
of air.
For the various explorations, the 16 x 20-in. cover for the front
of the model (i.e. the right side of the engine) was replaced by a
curved sheet of plate glass of the same size, and the interior of the
front end was illuminated by a small lamp with a scale so set that
sights could be taken on it if needed.
44. Air Currents in Front End.-Several methods of studying air
movement in the front end were tried before an effective plan was
found. These included the use of flour, ammonium chloride fumes,
smoke-bombs, burning oily waste, and threads attached to the netting
and table plate, none of which gave satisfactory indications. The
method finally adopted was the injection into the front end of a small
stream of water from a nozzle (similar to the tip of a medicine drop-
per) that could be placed anywhere desired in the entire space. Water
was blown in in the smallest visible stream, and at a rate such that
its initial velocity was practically zero, so that the results were not.
affected by the direction of the nozzle. With this simple means air
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movements could be easily seen wherever the water was discharged,
and the following conditions were noted:
(1) A surprisingly large portion of the front-end volume showed a
practically inert condition, the drops of water merely falling, no air-
current action being sufficient to overcome gravity. This was true of
every position in which the nozzle could be placed above the level of
the bottom of the flange or bell of the stack'. Water dropped thus be-
hind the stack was all drawn into the jet before it fell to the table
plate; if dropped at the sides, and further from the center plane of
the front end than one or two inches beyond the edge of the bell, it
fell to the table plate and slowly evaporated. If dropped ahead of the
transverse center of the stack, except in the extreme "corners," where
it fell to the plate or netting, the action of the air carried it to the
stack.
(2) Water discharged within a few inches of the jet of steam
took either of two courses: the droplets went directly toward the jet
and into it, or were deflected and carried with the air current, practi-
cally vertically. If discharged with the slightest force toward the jet
the former action took place, otherwise the latter. The distance of the
discharge above the mouth of the steam nozzle had no effect on this
action, except that, at greater distances, a larger proportion of the
drops tended to move vertically.
(3) Water discharged in such a way as to enter the jet rendered
the latter suddenly more cloudy at the point of entry; but such a dis-
charge, even one with considerable force, had no effect on the form of
the core of the jet, roughly a paraboloid, extending about five inches
above the mouth of the nozzle. The water could only be made to enter
this region by moving the discharge nozzle clear up to the "wall" of
this paraboloid, which was considerably deformed as a result.
Conclusions from the foregoing are as follows:
(1) From the experiments made a fairly definite region of activity
can be plotted, as shown in Fig. 36, outside of which air-current move-
ments are too weak or indefinite to be determined.
(2) Air is moved by actual mixing with the steam jet, and by en-
trainment or surface friction; these are distinct effects in the space
below the bottom of the stack, with the mixing effect apparently pre-
dominant near the mouth of the nozzle, and the entrainment effect in-
creasing as the distance from the nozzle increases.
45. Experiments on Shape of Steam Jet.-Several series of determi-
nations were made for the purpose of studying the actual form of the
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FIa. 36. AREA OF ACTIVITY IN FRONT END
visible jet of steam or mixed steam and air. These will be noticed ac-
cording to their purpose.
(1) Natural or unconstrained shape of the jet: The stack was re-
moved, and also the adapter plate, leaving an opening at the top of the
front end about eleven inches square, so that there was no constraint
whatever to the form of the jet. At the level of the top of the front
end, 13% inches above the nozzle, the jet from the 1%Y nozzle was
six inches in diameter at three pounds steam pressure, and as nearly
the same as could be measured for both one and five pounds steam
pressure also. These observations indicate a divergence of 1 in 3 for
the unconstrained steam jet.
(2) Point of contact of the jet with the wall of the stack: In the
series of tests with the 1B stack, modified with various forms of ex-
tensions and flares, observations were made for the distance above the
bottom of the stack at which the jet reached the wall. This height
could be rather clearly determined by the point at which the outside
wall of the stack became hot, but was more definitely found by the
use of a tube bent back on itself and inserted from the bottom of the
stack. The hook was open, so it was possible by the feeling to be sure
that the mouth was against the side; the height of the opening when
steam began to discharge through the tube was taken as the level of
contact. There was probably some local effect due to the presence of
the tube, and it is not to be assumed that these indications are more
accurate than within about one-half inch, but they could be repeatedly
checked within less than this variation. The results of the observa-
tions are as shown in Table 12, the readings being arranged in groups
for comparison, with some repeated for convenience.
In the first group there are three stacks varying only in the di-
ameter of the bottom of the conical skirt. The wider skirts result in a
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TABLE 12
DISTANCE ABOVE BOTTOM OF STACK TO CONTACT OF
JET WITH WALLS
2395-99...............................
2410-14 ..... ..................
2400-04....... ...............
2375A-79A................. ........ .
2380A-84A...... ..............
2542-46............ ..................
2405-09.......................
2537-41....... ...............
2532-46...... .................
2527-31 ............. ....... ......
2542-46 ....................... ...
2510-20
2380-84 ............. . .........
2458-62
2516-20 etc... .. ...............
2375-79...... .................
1385-89...............................
2527-31...............................
2390-94 ............................
2395-99...............................
1B-2-2 5
1B-2-3 5
1B-2-4 5
1B-1-S 7.25
1B-3-S 5.25
1B-4-S 4.25
1B-5-S 3.25
1B-3-1 3.5
1B-4-3 3.5
1B-4-4 3.5
1B-4-S 4.25
IB-4-L 4.25
1B-4-L 4.25
1B-2-L 6.25
1B-0-5 3.0
1B-4-4 3.5
1B-1-1 5.5
1B-2-2 5.0
cnee Above Bottom of Stack, in.
lb. Steam For 5 lb. Steam
ressure Pressure
8.5 9.5
8.8 10.0
9.3 10.0
6.5 7.5
7.0 9.5
8.0 9.0
7.0 8.0
6.5 7.5
6.5 7.5
7.5 8.0
8.0 9.0
7.0-8.0 8.0-9.0
7.0-8.0 8.0-9.0
6.0 7.0
7.0 8.0
7.5 8.0
8.5 9.5
8.5 9.5
*See Appendix A for full description of stacks.
higher contact. In the second group there are four stacks with the
same flare, but with different lengths of cylindrical extension, and con-
sequently different values of F. In the first three cases, as the bottom
of the stack is raised, the line of contact comes closer to the base,
almost equally, remaining at a similar distance above the nozzle. The
fourth case is erratic, probably being affected by the small value of F,
elsewhere shown to be too small for good performance. In the third
group are stacks with similar values for F, but varying skirts and flares.
For the skirts the relation is as in the first group, and the flares show
about the same results as for the wider skirts. In the fourth group
the comparison is between stacks identical except for the cylindrical
extension and F values. Here the contact line remains at constant
distance above the mouth of the nozzle. In the last two groups the com-
parisons are between stacks with similar F but varying skirts, and the
results obtained are apparently identical. From the foregoing the fol-
lowing conclusions may be drawn:
(1) For stacks with the same shape at the bottom, differing only
in F value, the contact between the wall and the jet occurs at approxi-
mately the same height above the mouth of the nozzle.
(2) For stacks with the same value of F, an increase in the diam-
eter or flare tends to raise the contact line.
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(3) For all stacks the contact line rises slightly with the pressure;
the variation between one and five pounds pressure being usually one
inch.
(4) These observations indicate a divergence of about 1 in 4 for
the jet from nozzle to contact or 1 in 6 for the portion within the stack
itself.
46. Central Cone of Steam Jet.-When the model was in operation
and the front end well lighted it was always possible to see that there
was a parabolic central cone in the steam jet, extending from three
to five inches above the nozzle. This cone was clear and transparent,
and represented obviously that steam upon which the mixing air had
had so little effect that it remained superheated. Deformation of this
cone by injecting water into it has already been mentioned. The cone
was similar for the various nozzles, even such as the bridge, the Good-
fellow, the basket bridge,-none of these served to alter its appearance;
in the case of the pepperbox nozzle with four openings the cone was
present as usual-one cone, not four. Runs were made (see Chapter V,
Section 32) with a device designed to break up the cone, if possible;
this consisted of an inverted cone held in position over the center of
this nozzle, at a height that could be controlled. The effect was negli-
gible-the cone was a little larger at the bottom, the tip raised per-
haps half-an-inch, and the air-flow performance was substantially the
same as for the normal nozzle, with the spreader in the highest and
lowest positions which it could be given. This may be taken as an in-
dication that there is really no complete division of the steam jet by
any of the nozzle tips designed for that purpose.
47. Backward-Bending Effect of Jet.-The No. 1B stack was de-
signed originally to allow the action of the jet itself to be better ob-
served. This stack had a wide flare, and permitted more than eight
inches of the jet to be seen. When first used it was observed that the
back portion of the flare was frequently wet with condensate when the
front portion was dry, and it became apparent that the path of the
center of the jet was not straight but bent slightly toward the back,
the bending amounting to about one-fourth of an inch. This was
charged to some irregularity in the finishing of the nozzle, but rever-
sal of the latter on its seat had no effect. Checking of the stack
mounting showed the stack to be central and vertical, hence the effect
could only be inherent in the operation. With the No. 2 stack in place,
the inside extension shortened to give an F of 10 in., the "bending-
back" effect was quite pronounced, and apparent even with the small
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flare used with this stack. With the 1B-2- L stack, having the large
flare and F = 6 in., the effect was scarcely visible, and would have
escaped attention entirely had it not been the subject of investigation.
With the 1-in. Y nozzle, the displacement appeared to be half-an-inch
or more.
The backward-bending effect will be further noticed under the next
heading.
48. Exploration of Jet and Steam-Air Stream.-One of the major
projects of this investigation was the exploration of the jet, in the ex-
pectation that by determining the conditions of temperature, pressure,
and velocity at suitable points, some information as to the nature of
the action taking place might be obtained. The method finally
adopted for taking the readings* involved the construction of an ex-
ploring device consisting of two monel-metal tubes 0.06 in. in diameter,
and a thermocouple. One of the tubes was open in the direction of the
stream, and was connected to a manometer to measure the velocity
pressure. The other was soldered shut and pointed, and a small hole
drilled in its side in order that it might record static pressure. The
two tubes were firmly wired together with the thermocouple bead, the
entire bundle being less than one-eighth inch in diameter and of less
than 0.01 sq. in. area. The bundle was stiffened by being jacketed
with a one-eighth-inch pipe, the tubes and thermocouple protruding
two inches, and the whole neatly streamlined with rubber tape. Both
pressure tubes were arranged for registering on water and mercury
gauges, as required. The entire "explorer" was held in the position de-
sired both vertically and laterally by means of a ring stand clamped
to the top of the smokebox. The horizontal arm holding the explorer
was at all times kept as far above the mouth of the stack as possible
in order that interference with the movement of the steam-air stream
might be minimized. On account of the fairly sharp point and stream-
lining of the explorer it probably had only a very slight effect on the
action of the steam and air in the stream below it, and an effect in the
plane of reading not great enough to destroy the validity of the ob-
servations. There was some action in this plane, as readings could not
be exactly duplicated after the explorer was rotated in the clamps,
*This method was finally developed after much experimenting with other arrangements consisting
of larger tubes, various methods of stiffening and holding the device, etc. The latter included a set of
cords extending through the sides of the stack as well as various ring-stand arrangements. Some of the
data taken during the earlier stages of the development of apparatus and technique are of considerable
interest and importance, but are inferior in accuracy to those finally secured. The great difficulty
with the earlier results, aside from the problem of knowing exactly where the exploring point was located,
was inconsistency resulting from the large area of the latter and its effect on the steam immediately
surrounding it.
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though the difference was trifling. There was considerable difference,
however, when two explorers of different sizes were placed successively
in the same reading position. (This is sufficient to show that explora-
tions made by means of simultaneous readings from several explorers
located at different levels would be of very small value due to the dis-
turbing effect of each device on all of the stream beyond its level.)
Fine wires stretched diametrically across the stack on three levels
helped greatly in accurately locating the explorer in the positions
desired.
The theory of the exploration process is as follows: the measure-
ments taken were p,, the dynamic or velocity pressure, p, the static
pressure (invariably a vacuum), and Tx, the temperature indicated by
the explorer, read by means of thermocouple calibrations. If the static
and dynamic pressures are known, the velocity can be calculated by
means of the formula
V 2 = 2gH, and practically V = 8\/H- (1)
where V is the velocity in feet per second, and H is the "head" in
feet in terms of the mixture flowing. The pressures Pv and p, were
measured in inches of water or inches of mercury (the latter immedi-
ately converted to inches of water) ; the head in terms of the mixture
is therefore
(pv - p,) X specific volume of mixture (pv - p,) sv
12 X specific volume of water 12 X 0.016
hence V = 18.4 \/(pm - ps) sv (3)
The determination of sv, the specific volume of the mixture of steam
and air, offers some difficulty. The air used in these explorations
entered the front end at an average temperature of 85 deg. F.; if the
exploring devices indicated this temperature, it showed that the spe-
cific volume was that corresponding to that of air unmixed with steam
or 13.7 cu. ft. per lb. The steam temperature was 250 deg. F., hence
an explorer indication of this temperature showed that the specific
volume was 29.00 cu. ft. per lb. The conditions for two other tempera-
ture indications may also be estimated with a fair degree of accuracy
from information obtained in the tests.
The superheat in the steam is about 38 deg. F., or 18 B.t.u. per
pound; if the steam is cooled to saturation by the admixture of air,
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each pound of air requiring 0.23 (212 - 85), or 30 B.t.u., to bring it
up to 212 deg. F., then each pound of superheated steam is cooled to
saturation by the admixture of 0.6 lb. of air. The specific volume of
the mixture at this temperature is
1 X 27.5 + 0.6 X 16.9
= 23.5 cu. ft. per lb. (4)
1.6
In the foregoing expression 27.5 and 16.9 are the respective specific
volumes of air and steam at 212 deg. F.
A fourth value may be estimated from the known conditions at
the top of the stack. The average temperature at the top is 161 deg.
F. The hourly discharges of steam and air are 950 and 2600 lb. re-
spectively, or 2.74 lb. of air per pound of steam. The cooling of the
steam to saturation temperature (giving up 18 B.t.u. per pound)
raises the air temperature about 30 deg., since 2.74 X 0.23 B.t.u. are re-
quired to raise it one deg. However, the average air temperature must
be higher than 115 deg. to permit the mixture temperature to be as
high as 161 deg., hence there must be some condensation. Suppose
0.02 lb. of steam is condensed, releasing another 20 B.t.u. The emerg-
ing mixture is then composed as follows:
2.74 lb. of air at some temperature below 161 deg. F.
0.02 lb. of condensate at some temperature between that
of the air and 212 deg. F.
0.98 lb. of steam at 212 deg. F.
If x is the air temperature and the temperature of the condensate is
assumed to be 170 deg. F. (the assumption is relatively immaterial as
the amount of condensate is so small) then
2.74x + (0.02 X 170) + (0.98 X 212)
3.74= 161 (5)3.74
from which x = 143 deg. F., on the assumption that the thermocouple
records the effect of a bombardment of molecules or particles of steam,
air, and water in proportion to their weight. The specific volume of
air at this temperature is 15.3 cu. ft. per lb., hence that of the mix-
ture is
2.74 X 15.3 + 0.98 X 27.5 + 0.02 X 0.017
-3.74 = 18.3 cu. ft. per lb. (6)
3.74
If the specific volume for any temperature is estimated by interpo-
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lation in the following table summarizing the four conditions given,
the actual conditions will be closely approximated.
Temperature Specific Volume
shown by Explorer of Mixture
deg. F. cu. ft. per lb.
85 ..................................... ...... ..... . 13 .7
16 1 ... . .. . . .. . . .. . .. . . . .. . .. . . . .. ... . . . .. . . .... . . .. .. 18 .3
2 12 .................................. .............. .. 23 .5
250 .................... ............. . .............. .. 29.0
The conditions at the top of the stack are as follows:
(1) 950 lb. of steam enters the front end at a temperature of 250
deg. F. and a velocity calculated as follows: The flow is 0.265 lb., or
7.75 cu. ft. per sec.; the orifice has an area of 0.0122 sq. ft., and hence
the mean velocity is 7.75 - 0.0122 = 635 ft. per sec.
(2) 2600 pounds of air per hour enters the front end at a velocity
of about 10 ft. per sec. and a temperature of 85 deg. F.
(3) The mixture, 3550 pounds, leaves the top of the stack with an
apparent average temperature of 161 deg. F., and a velocity head of
7.5 in. of water.
(4) It has been shown that the specific volume of the mixture at
the top of the stack is about 18.3 cu. ft. per lb., hence, from Equation
(3) its velocity (the average for the entire stream) is
V = 18.4 V7.5 X 18.3 = 215 ft. per sec.
The reading of 7.5 in. for the net velocity head must be taken
(as in the case with the temperature) as the resultant of a "bombard-
ment," that is, the molecules of one lb. of steam moving at a mean
speed V, and the molecules of 2.74 lb. of air traveling at a mean
speed Va produce a combined or component effect on the pitot tubes,
which will show a reading that is a resultant of the intensity of the
two. Denoting the specific volumes of the air and steam, respectively,
by sva and svs, since V = 18.4 \p.sv then p,, the partial pressure of
the steam, = V,2 + 340 svs, and similarly for pa, the partial pressure
of the air. Hence the combined pressure for the mixture
V7 2  Va2 (2.74)
340svs 340sva 1 V 2  2.74 Va2)
3.74 1270 \ svs sva
and for the present case, since p = 7.5,
V, 2 2.74 V72
- + - = 9500
svs sva
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It is now possible to set upper and lower limits for the velocity of the
air. The discharge is 9.9 cu. ft. per sec. (2600 X 13.7 - 3600), and
the area of the top of the stack is 0.1924 sq. ft. If the steam emerges
from the top of the stack as it came from the nozzle, the jet not
having spread, the remaining area is 0.1924 - 0.0122 = 0.1802 sq. ft.,
and the emerging air would have a velocity of 9.9 -- 0.1802 = 55 ft.
per sec., the corresponding velocity of the steam being 635 ft. per sec.
This is an obviously impossible condition, since the air is heated and
accelerated by the steam. If it is heated all the way up to the apparent
mean temperature, the specific volume is increased from 13.7 to 15.6
cu. ft. per lb., tending to increase the velocity 14 per cent. The area
of the steam jet is increased due to decreased velocity; if the velocity
of the steam were reduced to the apparent velocity of the mixture,
215 ft. per sec., the area of the jet would be 635/215 X 0.0122 or 0.035
sq. ft., leaving the area for air passage 0.1924 - 0.035 or 0.1574 sq.
ft. The velocity of the air-will be 71.5 ft. per sec. This is a higher ve-
locity than the air can actually have, since it is based on a higher air
temperature and a lower steam velocity than can exist, while the figure
of 55 ft. per sec. is below the minimum limit for the reverse reasons.
It has already been estimated that the temperature at the top of
the stack representing the average for all of the air was 143 deg. F.,
and that the specific volume of this air was 15.3 cu. ft. per lb. This
temperature and specific volume suggest a probable true velocity for
the air of about 68 ft. per sec., interpolating between the limits found
with respect to the temperature and specific volume. Substituting in
Equation (8),
V82 2.74 X 682
-- = 9500 - = 8700
svs 15.2
For this condition, the specific volume of the steam is practically that
of saturation, hence the velocity of the steam is
V, = N/8700 X 27.5 = 490 ft. per sec.
If the minimum velocity of the air is used, then sva = 13.7, and
svs = 29.0, hence
V, 2  2.74 X 552
-- + - = 9500, and V, = 509 ft. per sec.29.0 13.7
If the velocity of the air is taken as 71.5 ft. per sec., sva = 15.6,
and svs is practically that of saturation, hence
V, 2  2.74 X 71.52
-- + = 9500, and V. = 486 ft. per sec.
27.5 15.6
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Hence the following relations are found:
Velocity at Top of Stack
ft. per sec.
Steam Air
Above maximum............ 509 55.............. Below minimum
Probable value.............. 490 68.............. Probable value
Below minimum............. 486 71.5 ........... Above maximum
The temperature relations may now be further investigated. The
air leaving the stack is heated somewhat above the temperature at
which it enters the front end, but the temperature on leaving must
be lower than 161 deg. F. (average temperature of the mixture) since
the variation of the temperature from the rim to the center of the
stack disproves perfect mixing-the steam must be hotter and the air
cooler than the average. The steam leaving the stack has lost some
of its heat to the air; a trivial amount may have been returned to it
as a result of some of the mechanical losses reappearing as heat. (The
entire mechanical energy of the steam represents only about 8 B.t.u.;
the loss portion of this could not affect the temperature of the mixture
as much as 4 deg. F.) The steam may lose heat in three ways: loss
of superheat, reduction of quality, and cooling of condensate; it
doubtless does lose in all these ways in the process of mixing with the
air.* Each pound of air, heated to the apparent average temperature
of 161 deg. F. requires 18 B.t.u.; each pound of steam in cooling to this
temperature gives up 1039 B.t.u.; the 2.74 lb. of air for each pound
of steam could therefore take up about 50 B.t.u. per pound of steam,
4.8 per cent of the heat released. Obviously, no great portion of the
heat is released, since it fails to appear at the top of the stack either
as temperature or velocity.
The superheat being assumed to be given up, and only enough steam
condensed and cooled to result in the degree of heating of the air
which may be estimated from the weights of the components at the top
of the stack, the specific volume of the mixture was found to be 18.3
cu. ft. per lb., and the average velocity to be 215 ft. per sec. (p. 129)
Another estimate of the velocity may be made by assuming that the
widest extremes of state exist: enough steam will be condensed and
cooled to heat the air, the remainder leaving the stack in the same
state as that in which it left the nozzle. In this case the specific
volume would be 19.0 [- (2.74 X 15.3 + 1 X 29.0)-- 3.74] cu. ft.
per lb., and the corresponding velocity 220 ft. per sec., in place of 215;
*It could be seen clearly that, for several inches above the nozzle, the state of the steam varied
from that of the retention of some superheat in the central cone, to visible water vapor on the outer
boundary of the jet. The average temperature at the rim of the stack was 150 deg. F., but the presence
of condensate at higher temperature made it impossible to bear the hand in the stream at this point.
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this indicates the similarity of results obtained from reasonable but
different assumptions.
The range of velocities found on the level one inch below the top
of the stack was from about 150 to 350 ft. per sec.; the highest speed
was found slightly back of and a little to the right side of the axis of
the stack and nozzle. The range of temperatures was from 145 to 175
deg. F. At the hottest point, based on the relation between tempera-
ture and specific volume previously developed, the velocity is greatest,
and about 2 pounds of air are mixed with each pound of steam; at the
coolest and slowest point, the admixture is about 4 lb. of air per pound
of steam.
The entire process of exploration is open to certain minor objec-
tions. The velocity-pressure tube worked very well under all condi-
tions. The draft tube was less consistent; it became necessary to re-
peat many readings on account of "queer" or indefinite draft results.
With the speed of the stream such as it was, it is probable that there
was some loss of accuracy in the thermocouple readings. While
methods of determining the specific volume cannot be highly refined,
it has been shown that the results dependent on this estimate do not
vary greatly if assumptions on a reasonable basis are used.
Upward of four hundred explorations were carried out under
several conditions. Each exploration normally consisted of readings
from the draft and pressure tubes and the thermocouple indications
for a given point in a given level, pertinent data concerning steam and
air flow, temperature, etc., being added to the record. Ten levels were
studied between the top of the nozzle and the top of the stack, and
from five to thirty points examined in each level. The points were
located on two perpendicular diameters in one series, and on three
diameters equally dividing the area in a second series. Pressures of one
and two pounds were used. An attempt to explore a large area under
the bell of the stack gave irreconcilable results, as it was not possible
to determine accurately in which direction the tubes should be pointed
to measure the flow properly. For the first set of results to be noted,
a composite of all available data was employed; for the general ex-
ploration the results from the two-diameter exploration at two pounds
pressure were used.
Center-line or axial conditions will first be shown. The explorer
was moved vertically along the axis of the stack from the lowest
position at which the results were considered dependable, to the top of
the stack. The lowest position was about 3 inches above the nozzle
for one pound pressure, and at the base of the stack for two pounds
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FIG. 37. AXIAL EXPLORATION OF STACK
This figure shows the observed temperatures, pressures, and vacuums at various levels
above the nozzzle for 1 lb. and 2 lb. jet pressures, respectively, and the velocity curves derived
from the data.
pressure.* To the readings obtained in the special axial explorations,
center-line readings for other explorations were added, giving 17
points for one pound pressure, and 22 points for two pounds pressure;
all are plotted in Figs. 37a-37d. The results of the temperature obser-
vations are shown in Fig. 37b; Figs. 37a and 37c similarly show the
velocity pressure and vacuums, respectively. The data for the tem-
perature observations are remarkably consistent among the various
sets of readings; those for the velocity pressure are also consistent;
*For the arrangement used (Stack 1B-2-L with the l IY nozzle) the value of F was 61 in. This
was reduced by the use of additional gaskets to about six inches for the explorations.
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TABLE 13
COMPOSITE VELOCITY DATA FOR AXIAL EXPLORATION OF STACK
Distance
Above
Nozzle
in.
4
6
8
10
12
14
16
17.5
4
6
8
10
12
14
16
17.5
Location
of
Level
Base of Stack
Choke
Top of Stack
Base of Stack
Choke
Top of Stack
Temper-
ature
deg. F.
225
207
195
186
179
173
167
162
250?
221
205
192
184
176
170
166
Static
Velocity Pressure Net Velocity
Pressure (Vacuum) Pressure
P5  Pi N - P.
in. of water
Pressure
of
Steam
lb. per
sq. in.
1
2
9.8
10.0
9.4
7.9
6.3
4.9
3.7
2.8
20.0 ?
19.2
18.0
15.5
33.8
31.5
25.9
19.9
14.7
10.4
7.9
6.4
72.0?
63.2
51.0
40.5
12.5 30U.O
10.0 23.0
7.5 17.5
6.3 14.7
Specific
Volume of
Mixture
cu. ft. per lb.
25.4
23.0
21.7
20.7
20.0
19.4
18.8
18.3
29.0 ?
24.8
22.8
21.3
20.5
19.7
19.1
18.5
Velocity
ft. per sec.
539
495
436
371
315
260
225
199
840 ?
729
626
540
460
393
337
305
Fig. 37c shows the difficulty already suggested in obtaining satisfac-
tory draft readings, but in spite of the erratic points the nature of the
relation here is also clearly shown. From the composite curves, a set
of data for a composite axial exploration is developed for both pres-
sures in Table 13. In calculating the table, assumptions in accordance
with conditions found were made. These are as follows: Temperature
of the steam, 250 deg. F.; temperature of the air, 85 deg. F.; weight of
steam flowing per hour, 650 and 950 lb., for 1 and 2 lb. pressure, re-
spectively; weight of air flowing per hour, 1900 and 2600 lb. for 1 and
2 lb. pressure, respectively. The composite velocity curves for the two
pressures are shown in Fig. 37d.
In order to show the general results of the explorations through-
out the stack the data from a series of two-pound pressure tests will
be used. In these tests, the explorer was located along two diameters
for the observations in each plane, these diameters extending from the
front to the back and from the right to the left of the model, respec-
tively. Five levels were explored: 3% in. above the nozzle, the lowest
point at which satisfactory readings could be obtained; 6 in. above the
nozzle, i.e., at the level of the bottom of the stack; and 8, 121 and
161/2 in.- above the nozzle, respectively, the last named level being one
inch below the top of the stack. A total of 68 sets of three readings
(temperature, static pressure, velocity pressure) were secured for the
61 points investigated. The results are represented in Figs. 38a to 38e,
24.0
21.5
16.5
12.0
8.4
5.5
4.2
3.6
52.0?
44.0
33.0
25.0
18.0
13.0
10.0
8.4
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FIG. 38. STACK EXPLORATIONS ON VARIOUS LEVELS ABOVE NOZZLE
Velocity pressure, vacuum, and temperature were observed simultaneously at the points
indicated. Solid circles represent the stack diameter at the level indicated; broken circles in-
dicate the choke diameter of the stack, limiting the motion of the exploring device.
The right side of each figure is toward the front of the locomotive.
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each figure consisting of three parts, the contours developed by the
three readings on a single level. The solid circle in each part of the
figure represents the diameter of the stack on that level, and the dotted
circle where shown represents the diameter of the choke of the stack
which limited the lateral movement of the explorer.
The results are also shown by longitudinal sections of the stack
along the diameters explored, from front to back and from left to
right, the latter stated with regard to the model as representing a loco-
motive, not with regard to the setting and working side of the model.
Each numbered figure (Figs. 39a, 39b, 39c) represents a pair of sec-
tions, in which all of the values for one of the readings are shown-
Fig. 39a, for example, showing all temperature readings on the di-
ameters.
From the diagrams and the contour lines several things are ap-
parent. First, that all readings become more and more uniform over
the plane investigated as the top of the stack is approached. Second,
that all readings tend to have the area of highest value or greatest ac-
tivity displaced back of the axis of the stack. This is quite pronounced
and shows in every contour diagram except Fig. 38c (temperature).
Third, there is some tendency for the area of greatest activity to be
displaced toward the right side of the model. This tendency is some-
what apparent at the bottom of the stack and increases toward the top,
but is not as distinct as the displacement backward. As previously
stated, great care was used in setting up the stack and it is not believed
that either of these latter effects can be in any degree charged to lack
of alignment. It should also be noted that the same conditions showed
in an equal degree in the case of the previous three-diameter explora-
tions, and that, in addition to this, a complete set of previous explora-
tions using the 1B-O-L stack (the same except for the base or flare
being two inches higher) indicated the same conditions. The sideways
displacement was about equal in degree, but the backward displace-
ment even more pronounced for the larger value of F. This backward
bending of the axis of the jet corresponds with the visual observations
previously recorded (see Section 47). No method of observing the
lateral displacement was available, and this certainly would not have
been visible below the flare of the stack in any case.
The tendency for the jet to bend backward is the result of the more
rapid mixing on the front surface, nearest the netting. The actual me-
chanical effect of the impingement of the air on the jet is in part re-
sponsible, just as any flame or small stream of water can be displaced
by blowing on it, and the mixing effect tends to reduce temperature,
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vacuum and velocity on the front. The lateral displacement is more
difficult to explain. The two halves of the model, left and right, were
identical in construction and fitting, except for two very minor differ-
ences: the presence of a lamp socket and bulb in the left side, directly
against the outer wall and about on the level of the jet, and the sub-
stitution on the working side of the model (the right side) of the large
glass door in place of the metal door; the only possible effect of this
was to be found in the deep layer of putty packing placed beneath to
prevent breaking the glass disturbing the smoothness of the inner walls.
Neither of these variations would appear to be of any importance in
view of the inert condition of the air at the points of the model men-
tioned (see Fig. 36) ; the presence of the lamp, perhaps slightly reduc-
ing the flow of air on the left side, and of the glass, opening up a pas-
sage of lower resistance from below the table plate, due to the gap
between the glass and the plate-these conditions both predicate an
opposite effect from that actually found. Since the effect was really
found only in the upper reaches of the stack it must have been due
to some reverberatory action within the stack itself.
It would be a contribution to the knowledge of the subject if a
determination could be made of the amount of air moved by the jet in
each of the two methods of mixing and entrainment. Before this can
be done, the shape or boundary of the jet must be defined in some
arbitrary way; in Table 12 it was noted that the steam came into con-
tact with the wall at a point about 12 in. above the nozzle. If the jet
be considered as an inverted, truncated cone, 1.5 in. in diameter at the
nozzle, and having a diameter of 4.5 in. at a point 12 in. above the
nozzle there are three levels explored (3%, 6 and 8 in., respectively,
above the nozzle) at which the movement of air is proceeding by both
processes; at higher levels, after the jet has come into contact with
the stack walls, all of the air must be moved by mixing (see Fig. 40).
By determining the areas between contour lines in Figs. 38a-38e the
temperatures at the various levels are found to be as shown in
Table 14.
The most reliable process for obtaining the amount of air which
has been mixed with the steam up to the bottom of the stack is to de-
termine the velocity and space occupied by the air flowing around the
jet, still unmixed, and by subtracting this from the known total, to de-
termine the amount already mixed into the jet. The velocity contours
of Fig. 38d are reproduced in Fig. 41, with the stack circle and the
assumed boundary of the jet added in solid and broken lines, respec-
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FIG. 40. DIAGRAM OF STACK, NOZZLE, AND JET
This figure shows the assumed form of the jet, based on the measured level at which the
steam reaches the stack walls for the 11Y nozzle and the 1B-2-L stack.
tively. From Fig. 39c the velocity diagrams for the base level may
be extended to the point where the velocity is zero, and from these
points a zero contour line may be added to Fig. 41. (A consider-
able error in the location of this line is probable, but practically of little
effect on the results.) It is found that the mean velocity of the air
stream in the space between the wall of the jet and the zero-velocity
contour line is 70 ft. per sec. Now if x pounds of air, of the 2600 lb.
moved per hour by the 950 lb. of steam, remained unmixed with the
steam, and the average temperature of this air corresponded to a spe-
cific volume of 14.7 cubic feet per pound, the air flowing in the annular
space was 14.7x/3600 cubic feet per second; the area of the space is
0.104 sq. ft., and for 70 ft. per sec. velocity the flow was 7.28 cu. ft.
per second, or 1780 lb. per hour. Hence the balance of the 2600 lb.
or 820 lb. per hour was already mixed with the jet, representing 31.5
per cent of the total air flow.
The amount of air mixed with the jet up to the choke of the stack
may also be estimated in this way, using the contours of Fig. 38c
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TABLE 14
TEMPERATURE IN AIR AND STEAM
Level
(Distance Above
Mouth of Nozzle)
in.
3 Y4 ..... ............
6 (base)..............
8 (choke) .............
12% .................
16 ............
Average Temperatures
Diameter
Jet
Circle
in.
2.40
3.10
3.60
4.50
4.80
Over Entire
Level
(Circle 4.5 in.
diameter)
deg. F.
163
147
152
In Jet
Circle
deg. F.
205
175
168
163
161
In Space Be-
tween Jet and
Wall
(Extended)
deg. F.
146
125
130
Temperatures at
Outer Edge
Of the Of the
Jet 4.5 in.
Circle Circle
deg. F. deg. F.
190 100
150 110
140 110
FIG. 41. VELOCITY CONTOURS, BASE OF STACK
there being obviously no zero velocity on this level. In this case the
velocity of air between the jet boundary and the stack wall averages
150 ft. per sec., and the area through which it flows is 0.039 sq.
ft.; the specific volume is 15 cu. ft. per lb., hence the weight flow-
ing in this space per hour is found as before: 15x/3600 = 0.039 X 150,
hence x = 1404 lb., 1196 lb. having been mixed with the jet, or 46
per cent of the total.
It is of interest to compare these calculations with estimates based
on the assumption that there was no interchange of heat in the jet,
but that the temperature effects recorded by the thermocouple were
the effect of the bombardment of the air and steam particles at widely
different temperatures. Three inches above the mouth of the nozzle the
average temperature is 205 deg. F. within the jet circle. If x is the
quantity of air corresponding to the 950 lb. flow of steam, the air having
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entered the front end at 85 deg. F., then (950 X 250) + 85x =
205 (950 + x), or x is equal to 356 lb. At the base of the stack the
average temperature is 175 deg. F., and by a similar calculation x is
796, checking well with the 820 lb. found by the other method. At the
choke the same process may be used; here the surrounding air is
heated to 125 deg. F. At the base of the stack the jet consists of 950
lb. of steam and 800 pounds of air with an average temperature of
175 deg. F. At the choke x pounds of air at 125 deg. F. has been added,
reducing the average temperature to 168 deg., and the added weight
is found to be 290 lb., not a very good check with the 400 lb. previously
found as mixing with the jet during the passage through the flare. From
the foregoing it is worthy of note that in the first three inches above
the nozzle 14 per cent of the total air moved mixes with the jet; in six
inches 31.5 per cent of the total air mixes, hence in the second three
inches 17.5 per cent is absorbed; in the two inches following about
12 to 15 per cent more of the total air mixes with the jet, making this
the most active portion thus far found for which calculations could
be made. However, in the space between the choke and the level of
contact of the jet with the stack wall, a height of 4 in., the remaining
55 per cent of the total air is forced into the jet, making this a still
more active region. The foregoing may be thus restated: the distance
from nozzle top to contact level is 12 in.; each average inch of the first
three inches absorbs 4.6 per cent of the air moved; each average inch
of the second three, 5.8 per cent; each average inch of the next two,
6.5 per cent, and each average inch of the last four, 13.8 per cent.
49. Efficiency of Operation.-The efficiency of the draft-producing
apparatus has been measured in various ways by previous investiga-
tors. The ratio, draft divided by back pressure, introduced by Dr.
Goss, has frequently been used, and interpreted as true efficiency (see
page 63. This ratio has a value of the order of unity. The standard
of measurement referred to in previous pages of this report, Wa/W,,
was used by Zeuner and others, while still others, though implying the
use of better standards, have based their conclusions on draft alone.
The data secured in the present investigation make possible a fairly
close estimate of the heat and energy distribution. The front end re-
ceives energy in the form of heat and in the form of mechanical energy
in the steam. Heat and mechanical energy are dissipated in the form
of radiation, friction, and shock loss, and in the useful work of raising
the air in the front end from the pressure existing therein to atmos-
pheric pressure, but far the largest portion of the mechanical energy,
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and all of the heat energy, are merely thrown out of the top of the
stack. To illustrate the calculations, the same data will be employed
as were used in the first analysis in the preceding section:
Initial velocities, of steam, 635 ft. per sec., of air, 10 ft. per sec.
Velocity at the mouth of the stack, based on pitot tube readings
and the specific gravity of the mixture estimated on the basis of homo-
geneous mixture, 215 ft. per sec.
Temperature, apparent, at the mouth of the stack 161 deg. F.; of
the steam entering the front end, 250 deg.; and of the air, 85 deg.
Pressure assumed within the jet, 14.2 lb. per sq. in.; saturation
temperature, 210 deg. F.; latent heat at this pressure, 970 B.t.u.
(1) The total mechanical energy of the steam emerging from the
nozzle = 6352/64 = 6300 ft.-lb. per lb. of steam. The energy of the
air is negligible.
(2) The useful work is measured by the movement of 2.74 lb. of
air per pound of steam out of the front end against a draft of 1.5 in.
of water. One inch of water is equivalent to 62.4 X 13.7/12 = 71.2 ft.
of air, hence the useful work per pound of steam was 2.74 X 1.5 X
71.2 = 293 ft.-lb., or 107 ft.-lb. per pound of air.
(3) The average velocity of the steam and air stream at the base
of the stack, from planimeter readings on Figs. 38d and 41, was found
to be 405 ft. per sec. within the jet circle. All of the steam and 0.86
lb. of air per pound of steam may be assumed to flow within this circle
(see p. 139). Between the jet circle and the zero-velocity contour, the
remainder of the air, 1.88 lb. per pound of steam, flows at a mean rate
of 70 ft. per sec. The energy, then, is as follows:
Within jet circle: 1.86 X 4052/64 = 4766 ft.-lb. per lb. of steam.
Outside jet circle: 1.88 X 702/64 = 144 ft.-lb. per lb. of steam.
Total energy of the stream....... 4910 ft.-lb. per lb. of steam.
Energy of the air from (2) above. . 293 ft.-lb. per lb. of steam.
Energy remaining in the steam ... .4617 ft.-lb. per lb. of steam.
The original energy of the steam was 6300 ft.-lb., hence 1683 ft.-lb.
has been used in colliding with the air, accelerating it by imparting
293 ft.-lb. to it.
(4) At the choke of the stack, the average velocity of the stream
from the contours of Fig. 38c, is 290 ft. per sec. The energy is, there-
fore, 3.74 X 2902/64 or 4914 ft.-lb. per pound of steam. Within the ac-
curacy of the observations it is probably accidental that this value so
nearly equals the total energy at the base, but it shows that there is
practically no loss in the stack flare for this stack and nozzle combi-
nation.
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(5) It has been shown (see p. 130) that at the top of the stack the
average velocity of the steam was 490 ft. per sec., and of the air, 68
ft. per sec. The corresponding energy quantities are 3750 and 197 ft.-
lb. per pound of steam, respectively.
(6) Summary: Energy in terms Percentage
of ft.-lb. of total
per lb. of energy
steam
Kinetic energy in steam at mouth of nozzle.... 6300 100.0
Energy in air entering front end .............. 0 0
Energy at base of stack: total............... 4910
In air (useful work) ........... ....... .... 293 4.7
Remaining in the steam............ ....... 4617
Loss in collision and acceleration............. 1390 22.1
Energy at the top of the stack:
In steam ................... ...... ...... 3750 59.5
In air...................... ........ ... 197
Energy lost in traversing stack:
By steam (4617 - 3750) .................. 867 13.7
By air (293 - 197)............. ........ .. 96
The items followed by percentages account for the entire 6300 ft.-lb.
The energy lost by the air in traversing the stack and at the top of
the stack is part of the useful work.
The twenty-two per cent "collision loss" is of special interest;
almost five times as much energy was lost by the steam as was taken
up by the air. Part or all of this must reappear as heat, but the heat
thus generated is not sufficient to have any effect on the temperature
of the mixture which can be determined in the exploration. The small
loss in mechanical shock and friction in traversing the stack, 13.7 per
cent, is also of interest; this value would be much larger if the im-
pingement of the steam on the stack was at a less favorable angle.
The useful work has already been discussed under other heads; to
allow as useful all of the work expended on the air seems just, but it
may also be argued that only the energy appearing in the air at the
top of the stack is really useful, or further, that only the energy which
would appear in the air under the lowest possible velocity at which
it could be discharged (55 ft. per sec.) is useful. In this latter case
the useful work would be 2.74 X 552/64 = 130 ft.-lb. per pound of
steam, corresponding to an efficiency of 2.1 per cent.
The heat energy in the jet, as such, has not been taken into ac-
count. There is no evidence to show that it plays other than an in-
cidental part in the operation; a jet of air, or of any other gas, with
the same mechanical energy as that of the steam, and at atmospheric
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temperature, would have practically the same effect. In the model, the
heat of the jet raises the temperature of the air to some extent, thus
making necessary a larger velocity to move a given weight through the
available opening. In the case of the locomotive the condition is the
opposite, since the combustion gases are hotter than the steam, and
there is a tendency to reduce rather than to increase the gas volume.
If the small amount of work done in the front end is considered as ac-
complished at the expense of heat energy as well as of mechanical
energy, the efficiency of the jet is of the order of 0.01 per cent.
VIII. GENERALIZATION OF CONCLUSIONS
50. General Statement.-During the progress of the model tests
it was shown that the movement of the air produced by the exhaust
blast in the front end was dependent on a considerable number of fac-
tors, which will be enumerated in approximate order of importance.
(1) For a given front-end arrangement and a given rate of steam
discharge, variation in the resistance to the passage of the air through
the model results in considerable changes in the amount of air which
can be moved. Strictly analogous changes in performance of the model
are found for any front-end arrangement when the resistance is
changed by means of the choke, and this variable is excluded from
further consideration by adopting a standard resistance, represented
by a fixed choke diameter.
(2) For any given arrangement of front end (that is, of nozzle
form and size, of stack arrangement and of distance between nozzle
and stack) the exhaust pressure, determining the rate of steam dis-
charge, is usually the most important variable; slight variations in the
discharge rate usually submerge any other condition.
(3) For a given arrangement of stack, dimension "F," and nozzle
form, and a given rate of steam discharge, variation of nozzle area
results in a variation in the velocity of discharge; this is almost of
equal importance with variation in the rate of discharge.
(4) For a given stack, F, nozzle area, and steam flow, certain
forms of nozzles produce a considerable variation in the performance
in terms of air flow.
(5) For a given stack, nozzle, F, and steam flow, the temperature
of the air or gas moved through the front end has considerable effect
on the weight of gas moved per unit of time.
(6) For a given nozzle and steam flow, the form and dimensions of
the stack and its height above the nozzle have some effect on the per-
formance.
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(7) The following conditions have so little effect that the differ-
ences resulting cannot be separated from the usual day-to-day varia-
tions in performance:
Humidity of the atmosphere
Temperature of the steam discharged, assuming that this remains
within a moderate range corresponding to that actually found
in locomotives.
The use of the pulsator valve by which the puffing action of the
locomotive could be simulated-that is, the use of pulsating
rather than continuous steam flow.
The purpose of this chapter is to assemble the conclusions, and to at-
tempt to evaluate some of the effects.
51. Exhaust Pressure.-For the 1 2 Y nozzle the steam discharge
is well represented by the equation W, = 670 \/P• where W. is the
rate of discharge of steam in pounds per hour, and P, is the exhaust
pressure in pounds per square inch. This equation may be put into
the following form to represent the discharge for any of the Y nozzles,
since their discharge for any pressure is closely proportional to their
respective areas: W, = 310 niV/PF, where n is the diameter of the
nozzle in inches. For the standard nozzles and the No. 1 stack, the
range of values for the efficiency ratio Wa/W 8 was from 2 to 3, the
former figure applying to the larger nozzles at higher pressures, and
the latter to the opposite condition. The relation is fairly well repre-
sented by the following linear equation: Wa/W, = 6 - 2n - P,/16.
For all arrangements of the front end there was a consistent
relation between the rate of air flow and the draft, this relation
having the form Wa = Q /d\T, where di is the draft in front of the
diaphragm in inches of water. The coefficient Q varied slightly at
different times during the tests but the widest range for the entire
investigation (while using the standard choke) was from 2050 to 2200.
Hence, for any Y nozzle,
Wa = (310 n2 VP) (6 - 2n - P,/16) = 2100 Vd/
The resulting relation between P, and d, shows that d, varies as about
the three-fourths power of P,. The relations for any of the series of
nozzles, except the Z and U (diverging) nozzles, combined with any
stack would have the same mathematical form, with minor differences
in coefficients.
52. Steam Velocity.-As a means of further investigating this vari-
able, the data of Fig. 11, showing the performance of the Y series
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FIG. 42. RELATION BETWEEN Wa, W,, AND STEAM DISCHARGE VELOCITY
nozzles with the No. 1 stack, are used. From the values on the curves
and a series of steam flows (600, 900, 1200, 1500, and 1800 lb. per
hour) the mean discharge velocities are calculated, using the range
of temperature corresponding to each discharge as usually found.
From the values of the air-flow curves corresponding, the air moved
for each weight of steam is tabulated, in Table 25, Appendix G. The
three variables of steam flow, mean discharge velocity, and air flow
are plotted in Fig. 42. It is found that the results are well represented
by the equation
Wa = 0.92 W. + 2.86 V, + 250
where V, is the mean discharge velocity in feet per second. If values
representing the extreme range of V8 and W,, respectively, are sub-
stituted in this equation, it will be seen that the variation produced by
velocity of discharge is slightly more important for the range under
consideration than the variation in steam flow.
53. Nozzles.-As a standard of comparison the plain circular nozzle
with sharp-edged orifice was adopted-the Y series. The flow from
nozzles of similar orifice was practically proportional to their area,
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provided the passage through the nozzle was parallel or converging.
From dissimilar nozzles the flow was in accordance with the well-
known principles of hydraulics: ease of outlet (that is, chamfered
opening) increased the steam flow slightly, and for other shapes than
circular, the flow was intimately related to the relative hydraulic
radius or depth-the ratio of area to perimeter; a larger perimeter for
a given area reduces the steam flow. The purpose of providing the
larger perimeter is to furnish the jet with a greater surface for contact
with, and entrainment of air. The advantage of such a nozzle is that
the increased flow of air will be such that the nozzle may be enlarged,
thus reducing the exhaust pressure for a given steam flow, without
reducing the air flow to that which would have been obtained with
the corresponding plain nozzle: in other words, to hold some of the
gain in air flow in spite of increased area. In the case of nozzles hav-
ing a generally circular opening, such as the Pennsylvania, this ex-
pectation is realized in a small degree. Where the result is secured by
definite division of the jet, as in the case of the bridge or pepperbox,
the performance is quite definitely improved. Where the additional
perimeter is secured by the use of a square or rectangular opening the
improvement is negligible. The chamfered opening permits the flow
of a little more steam for a given exhaust pressure, but has no ad-
vantage in terms of air flow. In the case of nozzles where the opposite
effect was sought (the T series, which have been used in the belief
that the surface of the steam jet would be given additional turbulence
as a result of the form of the approach to the orifice, thus accelerating
the friction action) the results are exactly those produced by a nozzle
of standard form but of smaller size than the special nozzle. The
maximum improvement secured by any special nozzle over the stand-
ard nozzle of equivalent discharge capacity was about 12 per cent.
54. Gas or Air Temperature.-It is only necessary to refer here
to the relation developed in Chapter VII, giving the reduction in air
flow resulting from the use of hot gases, below that which would have
been obtained had cold air been used. This reduction is as follows:
Reduction in flow in per cent = 11 T - + 0.42 (Wa/1000)1 75
L 300 1
The numerical range of values, for cold air weights of from 2000 to
5000 lb. per hr. and temperatures of from 400 to 700 deg. F. is from
9 to 25 per cent, large values of the reduction corresponding to large
air flow and high temperatures.
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FIc. 43. RANGE OF PERFORMANCE FOR STACKS 13% INCHES HIGH,
WITH F = 4 INCHES
"Range of Performance" is defined by the flow of air for a flow of steam of 1500 lb. per
hour. Each part of the figure shows the performance of each stack tested with a given nozzle.
The points for cylindrical stacks lie on the diagonal line, the tapered stacks being represented
by points to the right of the line. The figures for each point show the flow of air for the
stack represented.
55. Stack.-Discussion of stack action falls under three heads:
stack diameter and taper; stack height; stack flares.
Stack Diameter and Taper
The test work on which conclusions are based included nine stacks
of standard height, form of taper, and F, eight nozzles, and from six
to forty runs with each combination, involving from four to seven
different exhaust pressures. The summary of page 79 shows that the
order of merit in performance eliminated stack No. 5 (diameter too
small), No. 9 (taper too great), No. 2 (cylindrical, generally mediocre
performance) from consideration as desirable arrangements, also
stacks Nos. 1 and 6, except with the smallest nozzles. The remaining
stacks, Nos. 3, 4, 7 and 8, performed well with all nozzles, and in gen-
eral there is similarity among the four in the amount of air moved for
any given flow of steam. In Fig. 43a-f the performance for the entire
group is shown, for six nozzles and a steam flow of 1500 lb. per hr. In
this figure the ordinates correspond to the bottom diameter of the
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stack, and the abscissas to the top diameter. The line for a cylindrical
stack is shown for each nozzle, and the distance the point for a given
stack stands to the right of the line represents a measure of its taper.
On the point for each stack the air flow corresponding to the 1500-lb.
steam flow is marked; this makes possible the determination of a
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distinct area covering the dimensions of the stacks giving the best per-
formance for each nozzle. The similarity of location of each of the
best regions is striking, but if a single high point in the region were
selected, the location of these would not be identical. The cylindrical
stacks (that is, No. 7) appear only in the extreme corner of the best
region if at all, and in none of the plots does the region extend beyond
a diameter increase of 1% in., or say a taper of 1 in 8. The superi-
ority of the tapered stack is easily explainable, in that it allows the
steam to expand more as its potential energy is converted into kinetic
energy.
The fact that a change of this sort affects the results makes it
desirable to investigate the stacks tested with hot gas as well as those
tested with cold air. These included Nos. 4 and 8, two of the stacks
found most efficient in the cold tests; the No. 1B-4-s, which corre-
sponds closely with the No. 1, though giving slightly better perfor-
mance under all conditions, and the No. lB. Six nozzles were used,
and twenty-one combinations tested, in place of the sixty-nine repre-
sented in the cold-air tests. Figure 44 shows the results in terms
of exhaust pressure and gas flow, the gas being heated to a temperature
of 630 deg. F. In the case of the bridge nozzle, separate curves for
the three stacks used cannot be drawn, and the range of values for
the 1%Y, 1%Y and Pennsylvania nozzles is scarcely significant. The
No. 8 stack gave the best results, being significantly the best in one
case, as good as any other in one case, and a close second in a third
case, these including all of the tests made upon it. The No. 4 stack
gave good performance with every nozzle; even in the case where
the results were -the lowest (with the 1%Y nozzle) the margin was
narrow. The 1B stack showed the best results by narrow margins for
the 1 2Y and Pennsylvania nozzles; it was definitely inferior with the
pepperbox nozzle and average with the others. The lB-4-s was the
poorest stack of the group used. The most striking thing in this show-
ing is the wide range of air-flow results obtained with the pepperbox
nozzle with its comparatively large jet.
For a stack of given height, F, and form of flare, both top and
bottom diameters exert important influences on the amount of air
moved. Assume that any given amount of steam, discharged from a
nozzle at a certain velocity, will absorb by the mixing process a cer-
tain amount of air, and will surround itself as it travels toward the
base of the stack with concentric layers of air or gas, moving at pro-
gressively lower velocities. The diameter of the choke of the stack will
largely determine how many of these concentric cylinders of air or
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gas will be admitted into the stack and thus discharged from it, and
variations in diameter through the usual range will admit or eliminate
rings or areas of quite low velocity.* The limit of useful stack di-
ameter will be found at the point where the outermost ring of air
or gas enters the stack at a velocity so low that the friction of the
stack wall will neutralize it and thus produce a dead air space between
the stack wall and the moving stream. This is a condition which will
help to set up a reverse flow of air from the atmosphere into the front
end, in case the conditions at the top of the stack are such as to per-
mit this to occur.
The effect of variation in top diameter is by no means so simple.
Consider first a cylindrical stack: the shape of the stack, combined
with the form of the jet (which is very largely affected by the shape
of the stack) determines a certain level at which the jet will come into
contact with the stack walls; the characteristics of the entire front-end
arrangement determine the Wa/W 8 ratio, and consequently discharge
temperatures and velocity. The contact level is subject to adjustment
for any change in operating conditions, as shown in Table 12, where
it varies somewhat with the exhaust pressure; but probably the prin-
cipal factors in its determination are as stated, stack shape and size,
and jet form, which largely depends on the nozzle. Suppose the top
diameter to be slightly increased; the discharge velocities would be
somewhat reduced, the steam would have some additional opportunity
to expand, and consequently there would be some increase in the
amount of air moved. The increased taper in itself, and also the in-
creased air flow, would tend to raise the contact level, and to decrease
the length of the stack which is filled by the stream of mixture. This
latter effect is definitely detrimental, and consequently a new balance
will be struck in performance. A further widening of the top will tend
to push the contact level further up, and there will be a definite point
of best performance determined by the interaction of the conditions,
beyond which further widening will result in loss of efficiency. The
base or choke diameter has an important effect on the top diameter;
if the base diameter is relatively small, so that the outer layer of air
or gas is moving rapidly and there is no tendency for the setting up
of a dead air space next the stack wall, the widening of the top may
be made proportionately greater, because the amount of stack height
above the contact level required for best performance is reduced.
Reasons for this reduction in stack height are that mixing conditions
*Assume, for example, a one-half inch change of diameter; suppose air flows through a band
4 in. wide surrounding the stream, and the mean velocity in this band is 12Y2 ft. per sec.; this condi-
tion represents a flow of only 75 lb. of air per hour.
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are better, due to the higher average velocity of the air, and that less
"seal" (or none) is required to overcome any tendency toward back
flow. For a larger diameter base, a smaller taper must be used.
The differences in performance involved in the foregoing sugges-
tions are too small to be determined by the use of the model, but the
general relations can be clearly seen in the superior performance of
stacks Nos. 3 and 4 (4% in. in diameter at the bottom with consider-
able taper), and Nos. 7 and 8 (5 in. in diameter at the bottom, with no
taper and %-in. taper, respectively.) It will be easily seen from Fig.
43 that the range of top diameters for best performance is much
smaller than the range of bottom diameters.
Another factor in stack efficiency which concerns diameter and
taper is that of shock loss. If the walls of the stack were of such form
that the boundary of the steam jet came into contact with them tan-
gentially, presumably shock loss would be eliminated, but this would
be at the expense, probably, of considerable loss by reverse flow of
air, under most operating conditions. On the other extreme, if any of
the steam strikes the walls at such an angle as to be deflected back
across the course of the stream the effect is doubly detrimental: the
rebounding particles have had their energy materially reduced, and
their direction in rebound interferes with the action of the rest of the
jet. Probably least shock loss occurs when the angle which the stack
wall makes with the vertical is one-half that made by the boundary
of the jet: in this case steam in the boundary layer in striking the
stack wall tends to be deflected directly toward the top of the stack
and parallel to the axis. This agrees well with the range of taper found
to give the best stack efficiency. For the 1%Y nozzle and 4% in.
bottom diameter of stack, a taper of 1 in 13.7 gave the best results.
Stack Height
The indications of the tests with regard to the variation of stack
height were significant and consistent. Several series of runs on tapered
stacks showed that the air flow for a given stack, for a given F and
rate of steam flow, varied with the cube root of the ratio of increased
height, that is, a fifty-per-cent increase in height resulted in a fifteen-
per-cent increase in air flow (1.151= approximately 1.50). For the
cylindrical stack, the gain was less than this at low outputs, but of
similar proportions for higher exhaust pressures. There must be a
height beyond which further increase does not improve the per-
formance, but this height is far beyond the limit of possibility in
American design.
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Stack Flares
The flare shares with the choke or bottom diameter of the stack
in the determination of the number of rings of air of successively de-
creasing velocity from which the air or gas is drawn into the stack.
It was shown in the exploration studies, however, that within the
spread of the large flare there were considerable areas of zero velocity,
or at least of velocity too small to affect the pitot tubes. Beyond this
gathering function, that of providing easy entry into the stack is
important, as shown by the fact that, in every case, flares with a
continuously curved contour gave better performance than conical
skirts. There proves to be a small advantage in enlarging the flare as
F is increased. Long parabolic flares show no advantage over short
flares having a quadrant-are cross section. The poorest design of
flare or skirt improves the performance from ten to twelve per cent
over that of a stack with the same value of F but with the base not
opened out in any way. The best designs of flares give results about
five per cent better than those of the poorest designs.
The flare may produce decidedly adverse results; if the steam
strikes the flare the reflection will produce very disadvantageous con-
ditions, as mentioned in discussing shock loss in the stack. This effect
was clearly visible in the use of the pepperbox nozzle with the 1B
stack, and the relatively poor performance is noticeable both with hot
gas and with cold air; the dimension F in this combination was much
too great.
Since the flare is a gathering device it might be assumed that the
volume between the lower part of the stack including the flare, and
the boundary of the jet, would be a measure of the effectiveness of the
flare. In Appendix A, Fig. 48, the contours of the various flares and
skirts are shown; when these are superimposed for comparison, and the
respective volumes measured, it is found that there is no correlation
between the volume and the efficiency. This is true whether the volume
up to the level indicated by the nominal spread of the jet is considered,
or whether the volume is taken up to the actual level of contact. The
reasons for this, among others, are the fact that too large a flare in-
cludes areas of zero velocity, and the difference in effectiveness of the
curved and conical flares.
56. Distance Between Top of Nozzle and Bottom of Stack.-The
variation in performance due to a change in F has been investigated
in several ways, as by varying F with a constant stack height (cylin-
drical stack); and by varying F with a constant distance between the
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nozzle and the top of the stack (fixed outside extension), both for
cylindrical stacks and tapered stacks with cylindrical inside extension.
Only the first case is a test of the effect of varying F alone, and in this
case a rather definite best value for F was found, ranging from 0.9
to 1.3 times the stack diameter, or 2.6 to 4 nozzle diameters. The prac-
tical design problem is represented by the fixed outside extension, and
the question becomes that of how best to divide the space inside the
smokebox and above the top of the nozzle between stack extension
and F. In this case no important variation in performance due to
variation in F could be found for any practicable flare. For a nozzle
of 1%-in. diameter and a 4%-in. stack the range of F from 4 to 6 in.
gave results slightly superior to those for higher or lower values; for a
large nozzle (the 1 4 Y) with the same stack the best range was from
3 to 4 in.
57. Stack and F Considered Together.-The general conclusions
following from considerations of the four conditions which constitute
the stack arrangement (diameter and taper, height, flare and F) may
be stated as follows:
The principal dimension affecting performance is the distance from
the nozzle to the top of the stack, and this is the determining factor
unless nozzle and stack are exceedingly badly proportioned.
The dimension F must be great enough so that the gases may have
free access to the bottom of the stack above the table plate and around
the nozzle; a distance of two-thirds of the stack diameter meets this
condition, but a distance of one diameter gives results in general that
are slightly better. If the distance F is great enough for the outer por-
tion of the jet to impinge on the flare, there will be a considerable loss
in performance.
The flare should have no angle at its junction with the stack.
Long, "easy" flares show no advantage over quadrant-shaped
flares which increase the diameter forty or fifty per cent. Smaller
flares than these are inadequate.
The stack diameter at the base should be at least three times that
of the nozzle for a plain circular tip, and a diameter ratio of 4 in-
variably gave satisfactory results in these tests. At least the upper
portion of the stack should be tapered; the increase in diameter should
be 1 in 12 to 15 units of height for a full tapered stack and 1 in 6 or
8 when the top only is tapered.
58. Applications to Full-Sized Locomotive.-The close relation of
the model data to that from a comparable full-sized locomotive and
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the obvious correspondence of these data with the known facts of
actual front-end performance, indicate that conclusions drawn from
the behavior of the model may be carried over in their entirety to the
locomotive itself. These conclusions harmonize with the best front-end
design in this country, as is evident from current practice. The follow-
ing special applications may be made to locomotive conditions:
(1) It is obvious from the effect of small variations in the re-
sistance to the passage of the gases that no front-end data obtained
from tests in which coal is used can be of very much value, unless the
bulk of these data is such as to average out the variables due to fire
conditions.
(2) The fact that the pulsator valve was without effect is a con-
firmation of the value of standing tests, in which the front-end per-
formance is determined with a steady flow of steam through the nozzle.
For the greatest value, the temperature of the steam thus delivered
should correspond reasonably with the normal exhaust temperature
range-230 to 300 deg. F.
(3) The unsatisfactory nature of the draft as a criterion for de-
termining front-end performance indicates that gas analyses should
be made, which in conjunction with the composition of the coal fired
will indicate the amount of air or gases moving through the boiler.
(4) The most important dimension affecting draft performance
within or in connection with the front end is the distance between the
top of the nozzle and the top of the stack. Assuming that the stack
height is as great as possible, the nozzle should then be placed as low
as possible in the front end. The position of the table plate and the
size of the superheater damper (if used) should be such that the
normal passage of air through the front end will produce a velocity
not sufficient to clear the front end of cinders, so that additional ve-
locity must be secured by the movement of the easily adjusted draft
apron, and this velocity should be only as great as necessary to clear
out the cinders. The nozzle may be placed with its top flush with the
table plate, thus gaining the height of the nozzle as an increase of the
total distance; there is probably no gain whatever in placing it below
the table plate, as the tests of the "hooded jet" arrangement showed.
Anything that can be done below the table plate to clear the gas pas-
sage of obstructions which cause eddies and reduce the velocity of
the stream, and result in a greater draft being required to produce the
velocity needed, is a clear gain.
(5) It is clear that not much is to be expected from most of the
changes which are commonly made to increase draft, with the excep-
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tion of changes in nozzle diameter. Adjustments in the height above
the nozzle and the flare of the stack base do not hold great promise
except when made to accommodate certain of the special nozzles which
offer some improvement. Stack changes, particularly in the direction
of increased diameter, are promising, especially if it is found that
nozzle sizes may be increased as well.
(6) The conditions with regard to a change in nozzle diameter may
be illustrated as follows: a certain locomotive with 62-in. nozzle de-
velops 48 000 lb. of steam per hour with 7000 lb. of coal, the flow of
gas being 96 000 lb. per hour. It is considered that steaming may be
improved by reducing the size of the nozzle. The back pressure is 15
lb. per sq. in. with the present nozzle. When the nozzle is reduced to
6 in., the back pressure will be materially increased, and additional
steam will be required to meet the horsepower requirement. If the
cylinders are 27 x 30 inches, the horsepower factor is 0.173 p n where p
is the pressure and n the number of revolutions per minute; if the
increased back pressure is estimated at 7 lb. the cutoff must be ad-
justed to obtain 210 horsepower additional, at 200 r.p.m., adding about
3500 lb. to the steam requirement, which becomes 51 300 lb. For this
discharge the back pressure with the 6-inch nozzle is 22.4 lb., slightly
more than the 7-lb. increase estimated. The gas flow corresponding
would be 107 000 lb. per hour. The increase in firing rate is proble-
matical: if the air for combustion actually was deficient this increase
in evaporation (from 48 000 to 51 300 lb. per hour) might be secured
with no increase in coal fired due to improved combustion conditions;
on the other hand the draft might have been excessive with the nozzle
already in use, anid a further reduction would result in more than a pro-
portional increase in firing rate.
(7) The importance of accurate back pressure gauges and of
proper understanding of their indications on the part of locomotive
men is very evident.
59. Adjustable Front-End Arrangements.-Everything which has
been said in the preceding pages of this report has been based on the
assumption that the tendency in front-end action was to provide an
insufficient amount of air for combustion, and that the problem in
front-end design is to increase this flow at the least possible cost. This
is the normal condition of locomotive operation, but certainly not in-
variably true. For a given locomotive, with a given fuel, for any rate
of steam output there is a certain definite most-economical-rate of
air flow which will give the highest boiler efficiency and the least coal
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consumption. It may be assumed that the front-end arrangement is
such that this condition will be met approximately at high rates of
working. If, for example, the steam flow is cut in half, the amount of
air flowing will be considerably more than half as a result of the better
Wa/Ws ratio at lower pressures, if the resistance is constant,-the
result will be a larger excess air loss. This shows the desirability of
placing the control of some of the draft-producing or regulating de-
vices in the hands of the enginemen.
Three methods of control are obvious:
(1) Control of the resistance to the passage of air and gas.
(2) Control of the amount of steam discharged through the
nozzle.
(3) Control of the velocity of the steam discharged.
Resistance may be controlled at either the front or the back end.
Ashpan dampers are not generally used in this country; on the con-
trary the attempt is made to provide as large an air opening as possible
between the pan and the firebox ring. There would, moreover, be
serious construction difficulties in providing for adjustment of ashpan
damper openings. Resistance adjustment could be made in the draft
apron or the superheater-damper, if a means of controlling the angular
position of these parts could be provided. This problem is made diffi-
cult by the high temperature conditions in the front end, but it can
be solved with no greater difficulty or complication than that involved
in maintaining a superheater damper in operating condition.
Control of the amount of the steam discharged, or rather of the
proportion of the total amount which is allowed to pass through the
exhaust nozzle, can be affected by by-passing some of the exhaust
steam directly to the atmosphere by means of a valve controlled from
the cab, as has been done in several instances. The utilization of vary-
ing quantities of the exhaust steam by the feed heater is of course
much more economical thermally, but this arrangement tends to re-
move not a variable but a fixed proportion of the total exhaust, and
to leave draft conditions unchanged. The benefit from the continuous
operation of the heater is as great as that from the draft-control, and
the desirability of continuous operation would result in the heater
running full capacity and full time, hence draft adjustment by this
method is not promising.
The control of the velocity of the steam discharged involves the
use of a variable exhaust nozzle, which is regarded as impracticable
by almost all American railway men, on the grounds of the difficulty of
keeping the device in working order, the tendency of enginemen to
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work it at the smallest possible opening, and the belief that there is
no advantage in it commensurate with the difficulties involved. The
Locomotive Cyclopedia in earlier editions showed details of adjustable
nozzles* but in the last two editions has omitted these, making the
statement, however, in the definition section, that the adjustable nozzle
was used to "some extent" in American practice. In Europe (except
Great Britain) the variable nozzle is regarded as practicable and is
very frequently used, the commonest form being the type in which a
cone or ring concentric with the main nozzle opening is made to move
vertically and partially close the latter, the operating device being
entirely within the exhaust stand and hence exposed only to steam
temperatures. Other forms include the shutter type, where a pair of
gates of controllable opening are applied just inside the mouth of the
nozzle; the lantern type, in which the normal opening is annular in
shape, but the exhaust steam can also be permitted to flow out through
the central portion by rotating a sleeve-like shutter which opens a
series of vertical slots establishing communication between the outer
and inner passages; and the rotating disc type, by which the rotation
of a plate is made to vary the size of the exhaust openings. All of
these latter types are open to the objection of involving an operating
mechanism exposed to smokebox temperatures. The Lima Locomotive
Works built the inner-cone type of nozzle into their first "super-power"
locomotive in 1924, but the opening was not placed under the control
of the engineman; it was intended that alterations should be made by
maintenance forces to correspond with changes in working pressure,
and maximum cutoff.
If the steam locomotive is to maintain primacy as motive power,
progressive refinement in design and efficiency of operation are de-
manded. Improvements which were first regarded merely as un-
necessary refinements have come to be considered essentials to eco-
nomical operation, and many more such refinements must be made in
the future. No improvement could be more logical than one which
would make it no longer necessary for a locomotive to work through
a range of from 300 to 3500 horsepower with identical draft appliances.
*See 1916 edition, pages 308, 310; 1922 edition, pages 291, 296.
APPENDIX A
THE ILLINOIS FRONT-END MODEL
1. General.-The construction and operation of the model has
been referred to in Chapter IV and will be further discussed here.
The model was originally constructed by the Burr Manufacturing
Company of Champaign to the designs of Professor Schmidt and
Mr. Parkinson. During the course of the investigation many minor
changes were made, and the general reconstruction was accomplished
by the investigators and the University mechanics. The proportions
of the front end were those of the Railway Administration heavy
Mikado locomotive, but other proportions and dimensions were
merely those dictated by convenience. Figure 45 shows the general
arrangement of the apparatus before and after the reconstruction,
and Fig. 46 is from a photograph taken after the reconstruction.
The device consisted essentially of a quarter-scale locomotive
front end with all essential parts represented or simulated in such a
way as to duplicate on a small scale the actual action taking place
in the locomotive, a controllable steam supply representing the ex-
haust steam from the locomotive cylinders, with a rotary pulsator
valve in the steam line by means of which the puffing action could be
imitated, a means of measuring the steam used, a means of supplying
air, either at atmospheric or higher temperature, and a means of
varying the resistance to the admission of air. In addition, instru-
ments were provided for measuring pressures, temperatures, draft,
and air flow. In the rebuilt model the specifications are similar,
except for the omission of the pulsator valve, and the provision of a
better means of supplying heated air, that permitted the use of
actual hot combustion gas.
2. Details of Construction and Operation.-Steam is received from
the power plant at pressures between 130 and 140 lb. per sq. in., and
a quality as shown by the calorimeter of about 96 per cent, after
entrained water has been removed by two separators. The steam
flow meter (nozzle type) was calibrated for a pressure of 100 lb., and
a reducing valve in the line just ahead of the meter was provided
for the purpose of maintaining this pressure. This valve was con-
trolled by a pair of rope pulls leading up to the control-station. The
amount of steam flowing into the model was controlled by the valve
G, and the exhaust pressure was read on a mercury gauge.
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FIG. 45. DIAGRAM OPF ILLINOIS FRONT-END MODEL, BEFORE AND AFTER REBUILDING
A - steam line from power plant L - heating chamber
B - separator M - reducing section of air duct
C - throttling calorimeter N - choke
D - reducing valve and control cords 0 - air duct
to operator's station Ei - differential draft gauge
E - flow meter flanges and connec- Pi, P2 - points at which pressure was
tions to body of meter observed
F- steam storage tank ti, t2 - points at which temperature
G - pressure control valve was observed
H - pulsator valve di, d. - points at which draft was
I - exhaust stand observed
J - smokebox front S - gas and air supply for heater
K - boiler shell
When the model was reconstructed the flow meter E, the tank F, and the pulsator valve
H were omitted; a gas firebox replaced the radiator chamber, and the air duct was turned
back under the model, entering the firebox Q through the conical connection T. A second pres-
sure control valve Gs was installed, also a valve P to blow the water from the steam line.
If pulsation was desired, the valve H was operated. The pulsator
valve consisted of a slotted revolving disc operated by a small motor
with variable speed control which alternately cut off and admitted
steam to the model. Operation of the jet was visible through the
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FIG. 46. ILLINOIS FRONT-END MODEL AFTER RECONSTRUCTION
glass door in the side of the model when cold air was used. Air was
admitted to the duct through the bell-shaped mouth; the supply was
controlled by means of changing the disc in the choke slot. Tem-
peratures at the mouth of the duct, at the front end of the tubes,
in the exhaust jet, at the calorimeter, and in the steam main were
determined by means of copper-constantan thermocouples and a
precision potentiometer. Pressures in the steam main, and at the
flow-meter, were read from gauges at the control station. Drafts in
the front end and the indications of a differential draft gauge in the
mouth of the duct giving the air flow were read on the gauge board.
Several additional thermocouples, pressure gauges, and draft gauges
were installed, but not normally used. After reconstruction and the
elimination of the pulsator, tandem pressure control valves G? and G2
were used (Fig. 45b), and the flow meter was not put into service.*
At the control station were located the two pressure gauges, the
rope pulls to the reducing valve, the two jet-pressure control valves,
and, at the near end of the instrument board, the mercury gauge
showing the jet pressure. On the instrument board were also located
the other draft gauges, including the differential gauge. The poten-
tiometer and auxiliary apparatus were placed on a table some distance
away in order to reduce the effect of vibration.
*After 2300 tests had been run, each nozzle having been used from three to one hundred times,
the steam flows were thoroughly established and the meter of no further utility.
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No. A B C d~ d,
/ 4 Si / 4i 4.
/9 4 3' e 41 4i
2 4 8s / 4J 4J
3 4 81 / si 41
4 4 8i / 45 41
5 4 68 / 3. 35,
6 4 8i / 44 34
7 4 68 / 5 5
8 4 8z / Si 5
9 4 8s / 6i 41
98 4 41 / 6i 5
(All Dimensions 1n /nc/?es)
FIG. 47. STACK DIMENSIONS
3. Stacks, Nozzles, and Skirts.-The stacks used in the investi-
gation were designated by arbitrarily assigned numbers or symbols;
a number alone was used for the stacks of conical or cylindrical form
having the standard height and flare, while letters and numbers were
added to indicate the use of other flares or skirts, and of varying
inside extensions. The nozzles were designated by a number and
letter, the latter indicating a classification and the number showing
some element of the dimensions, commonly the smallest diameter.
The skirts and flares were arbitrarily designated by letters and num-
bers. All of these are shown in Figs. 47-53 where sketches and
tabulated dimensions are given.
4. Test Procedure.-The procedure in a regular test consisted of
preparing the front-end set-up as desired, clearing the model of water,
turning on the steam, making simultaneous adjustment of the pres-
sure of the latter to keep the pressure at the flow meter at 100 lb.
per sq. in. and the nozzle pressure at the level desired. From four to
seven (most commonly five) jet pressures were used for each arrange-
ment; a test with a single pressure used with a given set-up is called
herein a determination; a series of determinations with the same set-up
and other conditions is called a run. Special tests investigating the
effects of steam temperature, air or gas temperature, humidity, etc.,
required special procedure, and the methods used are described as
the phase of the investigation is recorded in the body of this report.
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FIG. 48. MODIFICATIONS OF No. 1B STACK
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/i'rY iI 4 0 /J
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APPENDIX B
SCHEDULE OF TESTS RUN WITH ATMOSPHERIC AIR
Table 15 is a summary of the arrangement tests run with "cold
air." The nozzles are arranged in vertical columns, and the stacks in
TABLE 15
SUMMARY OF ARRANGEMENTS TESTED
A. GENERAL STACK AND NOZZLE TESTS
Nozzle
lY:= 2.4W........
1 4 Y ................1s Y ................
1% Y................
1
•
Y................
S-Pennsylvania.......
S-Bridge.............
S-Pepperbox.........
S-Basket...........
2W ...............
1.7W ...............
1.5W = 1.75X.......
1.5Z'= 4X...........
1.6Z ...............
1.7Z ................
1.8Z ................
2Z ................ .
2.2Z ...............
3 X ................
4%X ...............
1.5U .............. .
1.52U ..............
1.25A ..............
1.5A ...............
1.77A ..............
T 1.74H .............
T1.42H11 .............
T 1.5K ..............
R 1.35 ...............
R L ................
1.5QL ..............
1.53QL ..............
1.5QSM .............
1 2
104 66
16 6
25 7
19 4
15
23
22
16
.5.
5
10
50
56
13
20
19
13
6
10
10
5
5
'6
3
6
6
5
10'6
'6"
5
11
11
10
14
.3.
1
i2"
5
6
6
6
6
Number of Runs with Combination Indicated
Stack No.
3
35
4
6
5
9
5
6
5
i6t
10
9
11
15
5
5
5
8
5
5
5
5
5
5
5
5
5
4
28
4
10
32
30
11
11
78
'5
5
5
10
5
5
5
S5
5
5
6
10
5
5
5
5
5
7
10
5
5
5
5
5
5
8
16
5
5
6
5
5
5
17
B. MODIFICATIONS OF No. 1B AND NO. 9 STACKS
Number of Runs with Combination Indicated
Nozzle Stack No.
1B-0-L 1B-4-L 1B-4-S 1B-1-L 1B-2-L 1B-3-L 1B-5-L 1B-6-L 1-B-I-S 1B-2-S 1B-3-S 1B-5-S
1Y........ 39 39 ... 16 ... 6 ... 10 6 5 14
l1%Y..... 9 ... ... 9
IY........ 17 12 6 9 6 7 ... ... 6 ... 6
1 Y ........ .1 . .... 6
S-Penna.... ...
S-Bridge .... o- .. 6
S-Pepperbox.. .- 5 11
S-Basket..... 5 ...
1%A....... ! 5
1.77A. .... 5.
1.62U... . 1 ... ... ... . .. 1 1
R L .......... 5 ..... ... ......
9
15
5
5
5
5
10
5
5
9B
5
5
5
5
7
2
1B
95
11
11
31
24
36
23
16
2
4
"5
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TABLE 15 (Concluded)
Number of Runs with Combination Indicated
Nozzle Stack No.
1B-0-0 1B-2-0 1B-3-0 1B-1-1 18-2-1 18-3-1 1B-4-1 18-0-2 18-2-2 1B-0-3 1B-2-3 18-3-3
1% ........ ... .. 6 6 5 5 5 5 5
1%Y........ 6 6 1 10 1 6. ... ... ... ... 7
S-Pepperbox.. ... .. 5" T..
Number of Runs with Combination Indicated
Nozzle Stack No.
1B-4-3 1B-0-4 1B-2-4 1B-3-4 IB-4-4 18-0-5 1B-1-5 18-2-5 i1B-1-6 1B-2-7 1B-3-7 1B-4-7
1%Y........ 16 5 6 5 11 11 4 2 8 6 5 2
I y 8Y ... . . . . . 5 . . . . . . . . . . . .
1y . . 6 . .. ... 6 6 6 ... ... 5 6
S-Pepperbox.. 5 T
No. 9A stack with the following nozzles: 1ýY (5), 1%Y (5), 1.5A (2), 1%Y (5), and pepperbox, (5).
C. STACK HEIGHT AND F TESTS, WITH No. 2 STACK AND 1 Y Nozzle
With small flare, 9 combinations of height and F, 5 to 15 runs with each. With large flare, 33 combinations, 5 runs each.
D. STACKS No. 1, 18, AND 1B-4-L WITH ExTENSIONS
Number of Runs with Combination Indicated
Nozzle Stack No.
1 + 3 in. 1 + 6 in. 1 + 7 in. 1i- 11 1 + 13 18+10 1B+12 1B-4-L 1B-4-Lin . inu. in. in. -4in. 1-8in.
1y Y ................ 5 10 5 5 19 10 5 .... ....
1lY........................ ..... .... .... ....... ....6
1%Y .... ................. .... 6 .... .... .... 6.6 6
1 Y ................ ........ 6 .... .... .... . .
S-Pennsylvania.......... ....... . .. .... 6 11. ....
S-Bridge................... ... .. .. 7 6.... ..
S-Pepperbox ........... ... .... . . 6. .. ....
I 4 .F ... ...... ....... .. . 5 ... .
E. ToP TAPER AND TOP DRAFT STACKS
Number of Runs with Combination Indicated
Nozzle Stack No.
2-T-2 2-T-3 2L-T-2 2-3-T2 TD-0 TD% TD2%5
Y ......................... 10 5 10 5 10 5 15
1% Y .................... .. ... ..... .... . ...... ...... 10 10 10
S-Pepperbox................... . . ..... ...... ...... . ...... 5
F. SPECIAL COMBINATIONS
Nozzle Stack Notes No. Runs
1 Y ........................ No. 4- No Skirt .................................. 5
2Y ...................... No. 1B+ 4 rings under nozzle .......................... 5
1 Y ....................... No. 1+ Cross partition in stack ...................... 6
1Y ...................... No. IB+ Infiltrator in inside extension .................. 4
Y ......................... No. 1B-4-L Experiment on filling stack.................... 2
lY .......................... No. 1B High Pressure Test.................. ........ 20
1, Y ........................ N o. 2 Low Pressure Test........................... 2
S-Pepperbox ................. No. 1+ Cross partition in stack. .... .................. 7
S-Pepperbox ........ No. 1B-4-L Jet-spreader on nozzle, 2 positions............. 10
1 sY ....................... No. 1B-4-L Hooded Jet................................. 5
1.5U........................ No. 2- Large flare on No. 2 stack .................... 3
1.5U ........................ No. 2-2-L Same, with extension, F = 1 inch .............. 3
1.5Z ..................... No. 1B-1-L 2 rings under nozzle........... ............... 5
RL........................ No. 1B+ Special oval skirt ............................ 9
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horizontal lines; at the intersection of column and line, if tests were
made on this arrangement, the number in the space shows the number
of determinations made. This table accounts for a total of 291 dif-
ferent arrangements, but does not include several special combin-
ations which were not fully tested.
APPENDIX C
SUMMARY OF STEAM FLOW RESULTS, ALL NOZZLES
Table 16 is a summary of the steam flow results secured for all of
the nozzles tested fully, with the number of determinations on which
the data are based shown for each nozzle.
TABLE 16
SUMMARY OF STEAM FLOW RESULTS, ALL NOZZLES
Nozzle
1 Y .............
114Y ............
1 Y ............
\WY...........
1 Y .............
Bridge...........
Pennsylvania ....
Pepperbox........
Basket Bridge.....
1.5Z ........... . .
1.6Z ............
1.7Z ........... .
1.8Z .............
2.0Z ............
2.2Z ............
1.5W ............
1.7W ............
o nW
No. of Runs
on Which
Final Curve
is Based
267
15
15
10
33
46
71
60
5
27
35
20
19
12
17
16
99
. X ............. .
3V X . . . . .. . . . . . 11
614 X ............ 141.25A............. 10
1.5A .............. 5
1.77A............. 5
T1.42H . ........ 5
T1.74H .......... 17
T1.5KE.......... . 11
Q1.5L ............ 5
Q1.53L........... 11
Q1.5SM .......... 20
R1.35S........... 11
RL ............. 6
Steam Flow for Jet Pressure Shown
lb. per hr.
2
950
650
730
1070
1290
900
850
860
900
960
1150
1250
1400
1420
1420
980
980
1010
990
930
1400
1020
730
610
1040
780
930
980
1010
910
730
3
1150
820
970
1340
1600
1090
1050
1070
1080
1140
1360
1490
1520
1490
1520
1180
1150
1230
1170
1150
1660
1330
910
830
1280
980
1120
1250
1240
1060
950
4 5
... 1500
... 1220
1790
890 2150
... 1410
.... 1360
.... 1410
1360
.340 1470
.570 1780
1810
1600 1700
1630 1720
1620 1650
.... 1540
.... 1520
1610
1430
.... 1520
.... 2260
.... 1800
.... 1200
1030
1360 1710
1150 1260
1430
1540 1590
1400 1690
1300 ....
1090 ....
6 8
1940
i120 1300
... 1550
.... 2400
2450
1810
.... 1810
1850
. 1700
1870
1820 2040
.... 2000
1800 2030
1780 1980
1770 1970
.... 1940
.... 1940
.... 2070
1690 1940
.... 1900
.... 2300
.... 1480
1380
1920 2280
1410 1660
.... 1830
1740 2090
.... 2070
1490 1790
1360 1640
APPENDIX D
SUMMARY OF AIR FLOW RESULTS, TESTS RUN WITH
ATMOSPHERIC AIR
The air flow data for any test or series is available in the perform-
ance curves shown in the body of this report, but for certain of these
series reference is made to the actual flow figures, and for these the
TABLE 17
AIR FLOW SUMMARY, STACK TESTS
Stack Number
1 2 3 4 5 6 7 8 9 1B 9B
Air Flow in lb. per hr.
Nozzle
\YY ......
IVY ......
Y ......
WY......
1%Y......
Penna.....
Bridge.....
Pepper-
box
Exhaust
Pressure
lb. per
sq. in.
1
2
3
5
8
1
2
3
5
8
1
2
3
5
8
1
2
3
5
7
1
2
3
4
6
1
2
3
5
8
1
2
3
5
8
1
2
3
5
8
2110
2860
3350
4070
4740
2390
2850
3600
4200
1940
2630
3070
3720
4420
2240
3050
3600
4250
4800
2300
3200
3700
4200
5000
1850
2670
3180
3910
4750
2150
2960
3540
4360
5120
2150
2940
3540
4400
5460
2130
2830
3280
3980
4610
2290
2850
3300
3840
1970
2680
3120
3650
4240
2350
3100
3540
4270
4800
2490
3300
3840
4380
4850
1910
2680
3170
3750
4500
2200
2880
3400
4040
4700
2250
3170
3700
4600
5600
1570
2150
2540
3070
3690
1960
2330
2900
3340
1520
2130
2530
3090
3600
1640
2170
2550
3100
3500
1490
2030
2430
2960
3430
1500
2140
2490
3040
3580
1450
1920
2290
2820
3380
2060
2730
3220
3840
4650
1840
2440
2900
3500
4150
1910
2560
3030
3600
4190
2190
2910
3420
3780
4210
1910
2540
3010
3580
4260
2020
2800
3270
3960
4650
1890
2600
3170
3890
4760
2100
2800
3250
3950
4670
1840
2590
3150
3840
4530
2200
3000
3510
4310
4800
2170
3060
3610
3950
4400
1860
2700
3180
3920
4690
2050
2900
3450
4200
5020
1950
2800
3350
4200
5150
2180
3000
3480
4000
4630
1780
2420
2900
3450
4000
2050
2700
3200
3800
4450
2180
3000
3580
4320
4850
2430
3220
3815
4220
4900
2050
2800
3360
4000
4880
2180
3040
3610
4300
5080
2200
2990
3600
4500
5500
1860
2560
2880
3520
4170
2110
2470
3000
3570
1900
2270
2630
3190
3790
2030
2630
3130
3870
4270
2070
2750
3280
3700
4310
1690
2410
2840
3440
4110
2090
2720
3140
3880
4430
2160
2970
3540
4350
5130
1990
2750
3230
3920
4700
1780
2350
2900
3450
4010
1900
2570
3060
3790
4480
2220
2980
3490
4200
4650
2220
2920
3580
4030
1900
2580
3010
3810
4470
1940
2690
3200
4050
4750
1920
2680
3190
3950
4810
2100
2870
3240
3750
4550
2360
3170
3610
4300
4820
2460
3180
3830
4300
4750
1890
2650
3000
3500
4340
2130
2960
3420
4120
4880
2150
2960
3490
4320
5380
1930
2640
3140
3780
4380
1650
2240
2750
3400
3860
1870
2550
3010
3620
4210
2050
2790
3270
4020
4620
2070
2960
3460
3870
4470
1840
2520
3000
3530
4210
1970
2710
3220
3950
4600
1820
2550
3030
3900
4770
1890
2690
3060
3780
4390
1510
2220
2680
3280
3900
1800
2450
2900
3550
4190
1900
2600
3100
3900
4400
1980
2770
3200
3760
4320
1540
2340
2830
3600
4310
1670
2430
2930
3620
4440
1680
2320
2750
3500
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air flow data have been arranged in tabular as well as graphic form,
Tables 17 to 21 being presented in this appendix.
The figures given in the body of each table represent the air flow
in pounds per hour, column and side headings indicating pressure,
nozzle used, stack and other pertinent conditions.
TABLE 18
AIR FLOW SUMMARY, GENERALIZATION SERIES
Nozzle
lly 18-0-0
1B-0-L
1B-1-L
1B-3-0
1B-2-L
1B-2-S
1B-3-L
1B-4-L
1B-4-L + 4 in.
1B-4-L + 8 in.
1B-4-S
1B-2-1
1B-3-3
1B-3-4
1B-1-6
1B-3-7
4
1B-5-L
1B-5-S
1B-3-1
1B-4-3
1B-4-4
1B-0-5
1B-4-7
1B-0-L
1B-2-L
1B-2-S
1B-2-7
1B-4-L
1B-4-S
1B-2-1
1B-1-6
1B-3-7
1B-5-L
1B-5-S
1B-3-1
1B-4-4
1B-4-3
1B-0-5
1B-4-7
1B-4-L
1B-0-5
IB-4-Lt
F
in.
10%
8%
714
7%
6%
6%
51V4
41V4
44
44
4%
4
4
4
4V4
4V
4%
3%
3%A
3
3
3
3
3Y4
8%
6%
6Y5%
4V4
4%1
4
414
4V4
3V4
3%1
3
3
3
3
3%
414
3
(4Y)
*Pressure 5.7 lb. per square inch.
tJet hooded.
tPressure 4 lb. per sq. in.
¶Pressure 6 lb. per sq. in.
Steam Pressure, lb. per sq. in.
1 2 3 4 6
Air Flow in lb. per hr.
2210
2302
2312
2199
2247
2373
2399
2580
2699
2366
2052
2174
2279
2290
2340
2338
2316
2399
2258
2387
2449
2402
2190
2140
2088
2143
2i82
2107
1865
2135
2265
2085
2143
1868
2114
2114
2106
1985
2131
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TABLE 19
AIR FLOW SUMMARY, STACK HEIGHT AND F SERIES
Air Flow in lb. per hr.
Total Height of Stack, in.F
in.
5%Y
Outside Extension...........
2Y4 Steam 1
Pressure, 2
lb. per 3
sq. in. 5
8
Outside Extension ...........
4% Steam 1
Pressure, 2
lb. per 3
sq. in. 5
8
Outside Extension ...........
6% Steam 1
Pressure, 2
lb. per 3
sq. in. 5
8
Outside Extension ...........
8Y Steam 1
Pressure, 2
lb. per 3
sq. in. 5
8
Outside Extension...........
10Y' Steam 1
Pressure, 2
lb. per 3
sq. in. 5
8
11% 15%
4
1910
2750
3300
4050
4650
6
2050
2875
3400
4175
5075
8
2125
2800
3350
4100
4950
10
1900
2650
3200
4000
4800
12
1850
2630
3100
3950
4700
23%
12
2120
2970
3530
4350
5200
19Y%
8
2020
2860
3410
4200
5000
10
2010
2850
3400
4150
5050
12
2000
2800
3320
4200
5000
6
1950
2840
3350
4090
4770
8
2075
2875
3400
4200
5125
10
2050
2900
3400
4250
5100
12
1900
2720
3200
4000
4900
Fin.
2
2075
2700
3170
3750
4700
4
2075
2800
3320
3920
4750
6
1875
2570
3050
3800
4500
8
1850
2600
3100
3900
4650
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TABLE 20
AIR FLOW SUMMARIES FOR TESTS OF TOP-TAPER STACKS
Stack Arrangement
2-T-1 (cylindrical extension)
2-T-2 (top flare to 5% in.)
2-T-3 (top flare to 6 in.)
Top draft (opening 0)
Top draft (opening %)
Top draft (opening 2%)
Top draft (opening 0)
Top draft (opening Y%)
Top draft (opening 2y)
Top draft (opening Y%)
IB-4-S
1B-4-L
No. 1
No. 2
No. 3
No. 2-17% high
F
in.
4Y4
414
414
414
4Y4
4%
4Y4
4V4
4Y4
4Y4
41j
4Y4
4Y4
41
4%Y
Steam Pressure, lb. per sq. in.
0.5 1 2 3 4 5 6 8
Air Flow in lb. per hr.
Nozzle
1%Y
1% Y
Pepper-
box
2000
2125
2050
2230
2060
2050
2555
2450
2330
2140
2033
2020
1926
1890
2110
1950
2870 3350 ... 4050
3100 3580 ... 4420
3000 3500 ... 4300
3010 3540 ... 4260
2940 3570 ... 4270
2875 3350 ... 4100
3335 ... 4290 ...
3330 ... 4370 ...
3110 ... 4200 ...
2980 3470 ... 4350
2760 3220 ... 3800
2810 3280 ... 3900
2640 3140 ... 3780
2690 3060 ... 3780
2860 3350 ... 4070
2800 3300 ... 4140
5010
5070
4840
4820
5100
5025
5020
5050
4950
5400
4440
4590
4380
4390
4740
4930
TABLE 21
MISCELLANEOUS AIR FLOW SUMMARIES
Nozzle
Pepperbox .....
Pepperbox with
spreader at top
position.......
Pepperbox with
spreader at bot-
tom position...
Basket Bridge...
1.5 A ..........
1.77 A .........
F
1in.
4Y4
4%
4V4
4%
414
41%
l VY .. ... .....
I Y ........... 2
IWY........... 1
Steam Pressure, lb. per sq. in.
1 2 3 4 5 6 8
Air Flow in lb. per hr.
1970
1920
1870
1880
1760
1580
2138
1915
1Y/..... 3 2402 LL
Lewis .......... 3 ....
1%Y........... 4Y4 2160
1%Y ........... 4/ 2310
%Y ........... 44 2390
Pepperbox ..... 4Y 2150
2880
2755
2755
2720
2370
2290
2968
2640
3256
2520
2850
2990
3130
02920
3520
3395
3420
3315
2990
2765
3482
3140
3025
3808
3250
3510
3660
3440
4209
3350
3850
4050
4350
4230
4290
4140
3760
3505
4204
3720
3740
4260
4984
3860
4410
4610
5360
5210
5270
5000
4580
4370
5020
4330
4330
4500
5300
1840
1835
1630
Stack
1B-4-L ............
1B-4-L ............
1B-4-L ............
1B-4-L ............
1B-4-L ............
1B-4-L ............
IB-0-5.............
1B-1-5 .............
1B-2-5.............
IB-0-5.............
IB Special .........
9A......... ......
9A ................
9A ................
9A ................ 2920 3440
APPENDIX E
SUMMARY OF HOT GAS FLOW RESULTS
Tables 22 and 23 show a comparison of the hot gas flow obtained
with certain arrangements of stack and nozzle with the cold air flow
obtained with the same arrangements, and the variation of gas flow
with temperature.
TABLE 22
HOT GAS FLOW COMPARED WITH COLD AIR FLOW FOR SAME ARRANGEMENT
The figures in the table show the flow in lb. per hr. at 75 deg. F., and 630 deg. F., respectively, and the
percentage reduction due to heating.
Flow at 75 deg. F.
Flow at 630 deg. F.
Reduction, per cent
Flow at 75 deg. F.
Flow at 630 deg. F.
Reduction, per cent
Flow at 75 deg. F.
Flow at 630 deg. F.
Reduction, per cent
Flow at 75 deg. F.
Flow at 631 deg. F.
Reduction, per cent
Flow at 75 deg. F.
Flow at 632 deg. F.
Reduction, per cent
Flow at 75 deg. F.
Flow at 632 deg. F.
Reduction, per cent
Flow at 75 deg. F.
Flow at 632 deg. F.
Reduction, per cent
Flow at 75 deg. F.
Flow at 632 deg. F.
Reduction, per cent
Flow at 75 deg. F.
Flow at 632 deg. F.
Reduction, per cent
Flow at 75 deg. F.
Flow at 632 deg. F.
Reduction, per cent
Flow at 75 deg. F.
Flow at 634 deg. F.
Reduction, per cent
Flow at 75 deg. F.
Flow at 632 deg. F.
Reduction, per cent
2050
1640
18.5
2140
1790
16.4
2400
1920
20.
1990
1670
16.2
2100
1640
21.6
2050
1700
17.5
2000
.1650
17.5
2220
1810
18.6
2220
1810
18.2
1800
1500
16.7
2100
1750
16.7
1930
1650
14.t
Steam Pressure, lb. per sq. in.
2 3 4 5
2780 3230 3600 ....
2190 2560 2850 ....
21.2 20.8 21.0 ....
3000 3540 3930 ....
2360 2800 3100 ....
21.3 21.3 21.1 ....
3250 3800 4270 ....
2490 2940 3300 ....
23.2 22.3 22.8 ....
2650 3140 3470 ....
2100 2450 2720 ....
20.8 22.0 21.7 ....
2900 3450 3860 ....
2250 2700 3000 ....
22.5 21,8 22.4 ....
2900 3530 4020 ....
2300 2750 3150 ....
20.6 21.4 21.6 ....
2780 3230 3600 ....
2200 2580 2890 ....
20.8 20.4 20.0 ....
3020 3530 3930 ....
2400 2810 3160 ....
20.4 20.4 19.6 ....
3050 3550 .... 4310
2440 2840 .... 3360
20.0 20.0 .... 22.(
2490 2930 3300 ....
1960 2300 2600 ....
20.8 21.3 21.3 ....
2910 3470 3900
2370 2800 3110 ....
18.5 19.0 20.5 ....
2650 3200 3660 ....
2180 2620 3000 ....
17.8 18.1 18.0 ....
6
4190
3250
22.5
4500
3530
21.7
5000
3950
21.0
4050
3450
23.4
4510
3450
23.4
4860
3790
22.0
4190
3340
20.8
4640
3660
21.0
3900
3060
21.6
4600
3540
23.0O
4460
3590
19.51
8
4650
3560
23.5
5040
3810
24.6
5550
4300
22.6
4650
3690
22.5
4400
3440
22.7
5130
3850
24.4
5200
4070
21.8
Stack
No. 4
No. 1B-4-S
Nozzle
1%Y
1%Y
Penna.
Bridge
Pepperbox
IY
1%y
Penna.
Bridge
Pepperbox
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TABLE 22 (Concluded)
Stack
No. 1B*
No. 8
Nozzle
1Y
1sY
Penna.
Bridge
Pepperbox
IY
l/8Y
Pepperbox
Flow at 75 deg. F.
Flow at 630 deg. F.
Reduction, per cent
Flow at 75 deg. F.
Flow at 632 deg. F.
Reduction, per cent
Flow at 75 deg. F.
Flow at 632 deg. F.
Reduction, per cent
Flow at 75 deg. F.
Flow at 634 deg. F.
Reduction, per cent
Flow at 75 deg. F.
Flow at 631 deg. F.
Reduction, per cent
Flow at 75 deg. F.
Flow at 631 deg. F.
Reduction, per cent
Flow at 75 deg. F.
Flow at 620 deg. F.
Reduction, per cent
Flow at 75 deg. F.
Flow at 630 deg. F.
Reduction, per cent
Flow at 75 deg. F.
Flow at 620 deg. F.
Reduction, per cent
2
2880
2360
18.C
2950
2440
17.2
3170
2600
18.0
2650
2160
19.5
2900
2350
19.0
2770
2300
17.0
2860
2270
20.4
2940
2400
18.2
2960
2540
14.0
Steam Pressure, lb. per sq. in.
3
3390
2780
18.0
3490
2880
18.4
3740
3020
19.2
3120
2550
19.2
3450
2790
19.2
3250
2700
17.0
3320
2650
20.4
3490
2840
18.7
3530
2980
15.8
4
3800
3070
19.2
3910
3170
19.C
4180
3220
20.4
3500
2870
18.C
3900
3100
20.5
3710
3050
17.E
3680
2910
21A.
3880
3140
19.1
4240
3420
19.6
4400
3700
16.0
6
4430
3510
20.8
4600
3640
21.0
4880
3800
22.1
4100
3300
19.5
4560
3560
23.0
4450
3620
18.8
4240
3360
20.8
8
4950
3830
22.6
4580
3670
19.6
5190
3940
24.0
5130
4060
20.8
4680
3700
21.0
5450
4540
16.7
*All readings for this stack were taken with pressures 10 per cent above indicated amounts, i.e., 1.1, 2.2, 3.3 lb. etc.
TABLE 23
VARIATION OF GAS FLOW WITH TEMPERATURE
Steam Pressure, lb. per sq. in.
Temper-
Stack Nozzle ature 1 2 3 4 5 6 8
deg. F.
Air Flow in lb. per hr.
No. 4 1% Y  75 2140 3080 3510 3920 .... 4570
630 1790 2380 2790 3110 .... 3510
573 1790 2420 2850 3200 .... 3540 ....
507 1840 2540 2900 3280 .... 3680
428 1970 2610 2980 3390 .... 3710
No. 1B* 1%Y 75 2120 2930 3430 3920 4330 4500 5140
632 1780 2400 2830 3060 3350 3540 3890
566 1890 2530 2950 .... 3490 .... 4100
503 1900 2620 3010 .... 3540 .... 4190
431 1950 2640 3050 .... 3670 .... 4320
360 .... 2720 3140 .... 3810 .... 4450
285 .... .... 3310 .... 3900 .... 4530
Steam Pressure, lb. per sq. in.
2 3 5 8
Temp. Air Flow Temp. Air Flow Temp. Air Flow Temp. Air Flow
deg. F. lb. per hr. deg. F. lb. per hr. deg. F. lb. per hr. deg. F. lb. per hr.
No. 1B* 1%Y 450 2630 432 3020 256 3940 228 4660
415 2710 372 3090 226 3980 198 4820
312 2720 332 3140 195 4040 172 4850
280 2760 298 3170 165 4090 157 4900
243 2800 262 3220 136 4200 143 4930
223 3290 ... .... 137 5000
199 3320
.tt ou 165 3380 ... .... ...
*In tests on No. lB stack, all pressures are actually 10 per cent higher than the figure given, i.e., 1.1, 2.2, 3.3 lb. etc.
APPENDIX F
SUMMARY OF AIR FLOW RESULTS, EFFECT OF
ATMOSPHERIC CONDITIONS
Table 24 shows corrections to air flow test results for temperature,
barometric pressure, and relative humidity.
TABLE 24
AIR FLOW SUMMARY, EFFECT OF ATMOSPHERIC CONDITIONS
A. Am FLOW DATA AS TAKEN (No. 4 Stack and Pepperbox nozzle)
Runs Nos.
3244-47......
3248-51 .......
3252-55.......
3260-66.......
3267-9,72-3...
3270-71.......
3275-79.......
3280-84.......
3285-89.......
3256 ..........
3257 ..........
3258 ..........
3259 ..........
Temper-
ature,
deg. F.
75-78
63-64
56
73-75
90
92
75
67
52
80
85
86
86
Barom-
eter,
in. Hg.
29.80
29.80
29.80
29.60
29.53
29.53
29.53
29.75
29.75
29.80
29.80
29.80
29.80
Relative
Humid-
ity,
per cent
29-34
34-37
43-49
65-73
45
45
64
38
55
21
77
63
70
Steam Pressure, lb. per sq. in.
1 2 3 4 5 6 7 8
Air Flow in lb. per hr.
2000
2050
2050
2100
2170
2170
2100
2030
B. CORRECTIONS AND CORRECTED DATA
Corrections in per cent for
Atmospheric conditions Corrected Air Flow in lb. per hr.
shown above
3244-47....... +0.2 +1.3 +0.1- 2030 2890 .... 4020 .... .... 5370
3248-51....... +2.2 +1.3 +0.1- 2120 2990 .... 4070 .... .... 5410
3252-55....... +3.6 +1.3 -0.1- 1950 3040 .... 4090 .... .... 5400
3260-66....... +0.3 +0.7 -0.3 2120 3050 3510 4010 .... 4830 5220 5550
3267-9,72-3... -2.5 +0.4 -0.1- 2130 2970 3530 .... 4460 .... .... 5430
3270-71 ....... -3.0 + 0.4 -0.1- .... .... .... .... 4430 ... .. . ....
3275-79....... ±0 +0.4 -0.25 2170 3000 3600 .... 4520 .... ..... 5510
3280-84....... +1.2 +1.2 +0 2160 3020 3600 .... 4510 .... .... 5590
3285-89....... +4.3 +1.2 -0.1 2140 3000 3640 .... 4590 .... .... 5690
3256.......... -1.0 +1.3 +0.2 .... 2950
3257.......... -1.8 +1.3 -0.4 .... 2940
3258 .......... - 2.0 + 1.3 -0.3 .... 2910 .... ... .... .... .. . ....
3259.......... -2.0 +1.3 -0.4 .... 2940
APPENDIX G
RELATION BETWEEN STEAM VELOCITY AND AIR FLOW
Table 25 shows the relation between steam velocity and air flow
as obtained in tests with the Y series of nozzles and the No. 1 stack.
TABLE 25
RELATION BETWEEN STEAM VELOCITY AND AIR FLOW FOR
Y NOZZLES AND NO. 1 STACK
Steam
Flow
lb. per hr.
600
(0.167 lb.
per second)
900
(0.25 lb.
per second)
1200
(0.333 lb.
per second)
1500
(0.417 lb.
per second)
1800
(0.50 lb.
per second)
Nozzle Used ..........................
Area, sq. ft ...........................
Steam Pressure Ps, lb. per sq. in...........
Specific Volume of Steam, cu. ft. per lb.....
Steam flow, cu. ft. per second .............
Velocity of steam, ft. per second...........
Air flow, lb. per hour................ . . . . .
Steam Pressure Ps, lb. per sq. in...........
Specific Volume of Steam, cu. ft. per lb.... .
Steam flow, cu. ft. per second.............
Velocity of steam, ft. per second...........
Air flow, lb. per hour....................
Steam Pressure Ps, 1b. per sq. in...........
Specific Volume of Steam, cu. ft. per lb.....
Steam flow, cu. ft. per second.............
Velocity of steam, ft. per second ..........
Air flow, lb. per hour.....................
Steam Pressure Ps, lb. per sq. in...........
Specific Volume of Steam, cu. ft. per lb.....
Steam flow, cu. ft. per second.............
Velocity of steam, ft. per second...........
Air flow, lb. per hour.....................
Steam Pressure Ps, lb. per sq. in...........
Specific Volume of Steam, cu. ft. per lb.....
Steam flow, cu. ft. per second.............
Velocity of steam, ft. per second...........
Air flow, lb. per hour.....................
lY
0.0055
4.0
22.8
3.79
688
2750
8.5
18.6
4.65
845
3500
14Y
0.0085
1.9
25.1
4.18
490
2150
3.7
23.1
5.78
679
3000
6.6
20.5
6.82
800
3650
I1%Y
0.0103
1.2
26.1
4.34
421
1950
2.5
24.5
6.12
593
2800
4.5
22.4
7.46
723
3500
7.4
19.9
8.30
804
4100
1½Y
0.0123
1.8
25.4
6.35
518
2550
3.2
23.7
7.88
642
3200
5.0
21.9
9.13
746
3750
7.0
20.2
10.10
822
1200
I1%Y
0.0144
1.4
25.9
6.49
450
2400
2.4
24.6
8.18
568
3080
3.7
23.2
9.67
669
3600
5.1
21.8
10.91
757
4000
s1%Y
0.0167
1.1
26.3
6.57
394
2200
1.8
25.4
8.45
506
2850
2.7
24.2
10.08
604
3350
3.7
23.2
11.61
694
3750
APPENDIX H
NOMENCLATURE
2
FIG. 54. DIAGRAM TO ILLUSTRATE NOMENCLATURE
Figure 54 illustrates the nomenclature followed in this bulletin in
the discussion of stacks and nozzles; other letters and symbols
occurring in the text are as follows:
Areas: R = grate area
K = area of flameway through tubes and flues
w = area of the nozzle
u = area of the stack at the minimum diameter
Velocities: Vm = velocity of mixture at top of stack
V 1 = velocity of steam at nozzle
Flow: Wa = weight of air or gas flowing per hour
W, = weight of steam discharged per hour
Q = volume of gas discharged per second
f = Wa/W.
Pressures: P0 = pressure of atmosphere
Pý = pressure in smokebox
d = draft = Po - Px
P8 = exhaust pressure of steam
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Energy: La = energy in mixture discharged from top of stack
L. = useful work done
m = energy efficiency ratio (portion not lost by shock
loss)
Densities, etc.: s = density of the gas
t = density of the steam at the nozzle
z = s/t
e = ratio specific gravity steam at nozzle to
specific gravity of mixture in stack
Miscellaneous coefficients, etc.:
X = Strahl's resistance coefficient, for resistance of gases
passing through firebed, tubes and front end
r = Strahl's taper factor
g = gravity acceleration (metric value, 9.8 meters per second
per second)
T = "temperament" of boiler, Q/Nv-d
y (Legein) = -T 
_
w 2g
c = acceleration of gravity + specific volume of mixture in
stack
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